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THE UNITED STATES PATENT AND TRADEMARK OFFICE 
In re application of: YU et al. 

Application Serial No.: 09/333,966 Art Unit: 1 646 

Filed: June 16, 1999 Examiner: Ulm, J. 

For: Death Domain Containing Receptors Attorney Docket No.: PF267D1 

DECLARATION OF THI-SAU MIGONE UNDER 37 C.F.R. § 1.132 

Assistant Commissioner for Patents REGH.^^"^ 
Washington, D.C. 20231 

MAR 0 1 2003 

Sir: TECH CENTER 160012900 

I, Thi-Sau Migone Ph.D., hereby declare and state as follows: 

1 . I am currently employed as a Senior Scientist at Human Genome Sciences, 
Inc. (HGS), which I understand to be the assignee of the above-captioned patent 
application (the '966 Application). In 1991, I received my Ph.D. from the University of 
Pavia, Italy in Biochemistry. From 1991 to 1992, 1 served a professional apprenticeship at 
the Ospedale San Raffaele in Milan, Italy, where I carried out research in the Laboratory 
of AIDS-Immunopathogenesis. From 1992 to 1993, I was a guest researcher at the 
National Institute of Allergy and Infectious Disease in Bethesda, Maryland, where I 
carried out research in the Laboratory of Molecular Microbiology. From 1993 to 1996, I 
was a Special Volunteer-Fogarty Visiting Fellow at the National Heart, Lung, Blood 
Institute in Bethesda, Maryland, where I carried out research in the Laboratory of 
Molecular Immunology. From 1997 to 1999, I was a Postdoctoral Fellow at the DNAX 
Research Institute in Palo Alto, California, where I carried out research in the Department 



of Cell Signaling. Since 1999 I have been employed by HGS, where my research has 
included both directly carrying out and supervising the discovery, recombinant expression, 
isolation, and biochemical and biological characterization of human therapeutic proteins. I 
have co-authored over twenty articles that have been published in peer-reviewed scientific 
journals. A copy of my curriculum vitae is attached hereto as Exhibit A. 

2. I have been shown and have examined U.S. Patent Application No. 
09/333,966 (the '966 Application), captioned above, which I understand was filed on June 
16, 1999. 1 will refer to the '966 Application as "the Application." 

3. I am the first named author of the publication entitled "TL1A Is a TNF-like 
Ligand for DR3 and TR6/DcR3 and Functions as a T Cell Costimulator" which was 
published in the peer-reviewed scientific journal Immunity in March 2002 (Immunity, 
Vol. 16, 479-492). I will refer to this publication as "the Migone paper." A copy of the 
Migone paper is attached hereto as Exhibit B. 

4. I am familiar with the publication entitled "DR3 Regulates Negative 
Selection during Thymocyte Development" authored by Eddie Wang et al. ? which was 
published in the peer-reviewed scientific journal Molecular and Cellular Biology in May 
2001 (Mol. Cell. Biol., Vol. 21, 3451-3461). I will refer to this publication as "the Wang 
paper." A copy of the Wang paper is attached hereto as Exhibit C. 

5. I am familiar with the publication entitled "Signal Transduction by DR3, a 
Death Domain-Containing Receptor Related to TNFR-1 and CD95" authored by Arul 
Chinnaiyan et aL, which was published in the peer-reviewed scientific journal Science in 
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November 1996 (Science, Vol. 274, 990-992). 1 will refer to this publication as "the 
Chinnaiyan paper." A copy of the Chinnaiyan paper is attached hereto as Exhibit D. 

6. I am familiar with the publication entitled "A New Death Receptor 3 
Isoform: Expression in Human Lymphoid Cell Lines and Non-Hodgkin's Lymphomas" 
authored by Krzysztof Warzocha et al. 5 which was published in the peer-reviewed 
scientific journal Biochemical and Biophysical Research Communications in 1998 
(Biochem. Biophys. Res. Comm., Vol. 242, 376-379). I will refer to this publication as 
"the Warzocha paper." A copy of the Warzocha paper is attached hereto as Exhibit E. 

7. I have been asked by patent counsel for HGS to provide my understanding 
of the correlation between: (a) the characterization of the DR3 molecule as indicated in the 
Application and the Migone, Wang, Chinnaiyan and Warzocha papers; and (b) the 
usefulness of the DR3 molecule as disclosed in the Application. 

Cellular Responses To DR3 Activation 

8. The Application discloses that DR3 is a TNFR family member containing a 
death domain and describes the role DR3 plays in mediating intracellular signaling which 
can lead to various cellular responses including, for example, apoptosis and cell 
proliferation. See e.g., the Application at Page 5, line 15 through Page 6, line 27; at Page 
29, lines 9-16; at Page 39, lines 3-11; and at Page 41, lines 1 1-13 and lines 21-25. 

9. Prior to March 12, 1996 it was known that signaling through TNFR-1 and 
Fas, the two characterized TNFR family members known to have death domains, can 
cause both apoptosis and NF-kB activation, with the cell's commitment to either pathway 
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being determined by the intracellular balance between divergent signaling pathways. See 
e.g., Hsu, H. et al. (1996). "TRADD-TRAF2 and TRADD-FADD interactions define two 
distinct TNF receptor 1 signal transduction pathways." Cell 84(2), 299-308, published 
January 26, 1 996. A copy of the Hsu paper is attached hereto as Exhibit F. 

10. Prior to March 12, 1996 it was known that activation of NF-kB is 
responsible for a variety of immune cell responses, including cell proliferation. See e.g., 
Snapper, C. M. et al. (1996). "B Cells from p50/NF-KB Knockout Mice Have Selective 
Defects in Proliferation, Differentiation, Germ-Line CH Transcription, and Ig Class 
Switching." J. Immunol. 156, 183-191, published January 1, 1996. A copy of the Snapper 
paper is attached hereto as Exhibit G. 

1 1 . Accordingly, the assertion in the Application that signaling through DR3 
may induce apoptosis and proliferation would have been credible to a scientist in the field 
of molecular biology in light of the state of knowledge in the art at the time of filing of the 
Application. 

12. In Example 6 of the Application, overexpression of DR3 is shown to 
specifically induce apoptosis in MCF7 breast carcinoma cells. Overexpression of TNF 
receptor family polypeptides is an art accepted means of mimicking receptor activation in 
mammalian cell culture. See e.g., Boldin, M. et al., (1995). "Self-association of the "death 
domains" of the p55 tumor necrosis factor (TNF) receptor and Fas/APOl prompts 
signaling for TNF and Fas/APOl effects." J. Biol. Chem. 270(1), 387-391, published 
January 6, 1995. A copy of the Boldin paper is attached hereto as Exhibit H. Therefore, 
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this data confirms the assertion of the Application, that DR3 activation can cause 
apoptosis in certain cellular environments. 

13. In Example 6 of the Application, overexpression of DR3 is shown to 
specifically induce apoptosis and proliferation in 293 cells. See, the Application at Page 
72, lines 23-25. Therefore, this data confirms the assertion of the Application, that DR3 
activation can lead to an apoptotic response or a proliferative response depending upon the 
cellular environment. 

14. The Migone paper demonstrates that: (a) recombinant DR3 specifically 
binds the TNF ligand TL1A and specifically induces activation of NF-kB when expressed 
in 293T cells; (b) endogenous DR3 specifically binds the TNF ligand TL1A and 
specifically induces activation of NF-kB in the erythroleukemic cell line TF-1 and also in 
activated T cells; (c) activation of endogenous DR3 by addition of TL1A in the presence 
of cycloheximide specifically induces caspase activity and apoptosis in the 
erythroleukemic cell line TF-1, but not in activated T cells; and (d) TL1A was more 
effective than FasL in inducing apoptosis of TF-1 cells under similar conditions. 

15. The data and conclusions presented in the Migone paper are consistent 
with, and do not contradict, the function of DR3 disclosed in the Application. In its 
totality, the Migone paper supports the disclosure of the Application and confirms that the 
effects of DR3 activation are context specific and that DR3 can act to promote apoptosis in 
certain cellular environments. 

16. The Wang paper describes the generation and characterization of mice that 
lack expression of the DR3 gene. The Wang paper identifies a non-redundant role for DR3 
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in the removal of self-reactive T cells in the thymus and in so doing identifies a 
physiological context in which DR3 is responsible for T cell apoptosis. The Wang paper 
does not exclude the likelihood of other redundant roles for DR3 in the regulation of T cell 
death. 

17. The data and conclusions presented in the Wang paper are consistent with 
the function of DR3 disclosed in the Application. In its totality, the Wang paper confirms 
that DR3 does indeed mediate T cell apoptosis in at least one physiological circumstance. 

18. The Chinnaiyan paper demonstrates that: (a) recombinant DR3 specifically 
binds the TRADD signaling molecule in vitro and when expressed in 293T cells; (b) 
recombinant DR3 can specifically activate NF-kB when expressed in 293 cells; (c) 
recombinant DR3 can specifically induce apoptosis when expressed in 293 cells; and (d) 
overexpression of recombinant DR3 specifically induces apoptosis in MCF7 breast 
carcinoma cells. 

19. The data and conclusions presented in the Chinnaiyan paper are consistent 
with the function of DR3 disclosed in the Application. In its totality, the Chinnaiyan 
paper confirms that the effects of DR3 activation are context specific and that DR3 can act 
to promote apoptosis in certain cellular environments. 

20. The experimental results presented in the Application, as well as those in 
the Migone, Wang and Chinnaiyan papers, support the functional role of DR3 as disclosed 
in the Application. These data, individually and in combination, confirm that DR3 can 
induce apoptosis under certain conditions and stimulate cell proliferation under other 
conditions. 
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Tissue And Cellular Distribution Of DR3 Expression 

21 . From analysis of numerous experiments performed by myself or performed 
by other employees at HGS, it is my belief that: 

(a) DR3 is expressed at very low levels in normal resting T cells; and 

(b) DR3 is expressed at very low levels in normal B cells where it is 
sometimes undetectable. 

22. The Warzocha paper shows that DR3 is "abundantly expressed" in a panel 
of pre-B acute lymphoblastic leukemia cell lines as well as in each of eleven distinct 
clinical isolates of follicular lymphoma. See, Page 377, lines 26-28 of the right column; 
and Figure 2. Therefore, Warzocha confirms that DR3 overexpression is useful as a 
diagnostic marker for certain lymphoid cancers such as acute lymphoblastic leukemia and 
follicular lymphoma. 

23. The Application discloses that DR3 is expressed in lymphoid tissue and 
that increased expression of DR3 may be used to detect the presence of certain cancers 
including, for example, cancers of lymphoid tissue, such as follicular lymphoma. See e.g., 
the Application at Page 5, lines 10-14; at Page 36, line 25 through Page 37, line 8; and at 
Page 38, lines 5-8; and at Page 38, lines 1 8-25. 

24. In light of the observed expression profile of DR3, together with the 
experimental results presented in the Warzocha paper, one of ordinary skill in the art 
would find it credible that DR3 is useful as a diagnostic marker for certain cancers, as 
disclosed in the Application. 
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Physiological Roles Of DR3 

25. As declared above (see, statements 14 and 15), the Migone paper shows 
that DR3 can act to promote apoptosis under certain conditions. Furthermore, the Migone 
paper shows that: (a) DR3 activation of activated T cells in vitro via TL1 A lead to 
increased IL-2 responsiveness and increased secretion of pro-inflammatory cytokines; (b) 
activation of DR3 promoted splenocyte alloactivation in an animal model of GVHD and in 
so doing increased the severity of the graft versus host response; and (c) a solubleTLlA- 
binding DR3 fusion protein can reduce TL1A stimulated apoptosis of TF1 cells in a dose- 
dependent manner. 

26. The data and conclusions presented in the Migone paper confirm that: (a) 
regulation of DR3 activation would modulate the physiological response believed to 
underlie inflammation and inflammatory diseases such as GVHD; (b) regulation of DR3 
activation would regulate the unfettered cellular proliferation that is believed to underlie 
the development of certain cancers; and (c) regulation of DR3 activation would modulate 
development of immune responses which are necessary to control viral infections and 
which underlie autoimmune diseases such as rheumatoid arthritis. 

27. As declared above (see, statements 16 and 17), the Wang paper shows that 
DR3 does act to promote T cell apoptosis under certain physiological conditions. 
Furthermore, the Wang paper does not exclude the likelihood of other redundant roles for 
DR3 in the regulation of T cell death. 

28. The data and conclusions presented in the Wang paper provide further 

confirmation that regulation of DR3 activation would modulate immune responses which 
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underlie inflammation and inflammatory diseases such as GVHD, control of viral 
infections and certain autoimmune diseases such as rheumatoid arthritis. 

29. The Application asserts that DR3 polypeptides and antibodies are useful in 
the treatment of diseases such as cancers, including follicular lymphomas; inflammatory 
diseases, including Graft Versus Host Disease (GVHD); viral infections; and certain 
autoimmune disease such as rheumatoid arthritis. See e.g., the Application at Page 6, lines 
1-1 1; at Page 29, lines 9-17; at Page 38, lines 5-25; and at Page 46, line 20 through Page 
47, line 3. It is my considered opinion that the Migone and Wang papers, together and 
individually, provide credible and compelling support for such uses of DR3 polypeptides 
and antibodies. 

Conclusions 

30. On reviewing the documents described above in their entireties, it is my 
considered opinion that: (a) the Application discloses functional characteristics of DR3 
which were credible in light of the state of biological knowledge at the time the 
Application was filed; (b) the Application discloses functional characteristics of DR3 
which have been corroborated by the work described in the Migone, Wang and 
Chinnaiyan papers; (c) the Application discloses that DR3 overexpression may be 
diagnostic for certain cancers, the credibility of this assertion is corroborated by the 
expression pattern of DR3 and the data reported in the Warzocha paper; and (d) the 
Application asserts that DR3 is useful in the treatment of certain cancers and inflammatory 
disorders, the credibility of this assertion is corroborated by the functional characterization 
of DR3 provided in the Application and the Migone and Wang papers. 
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31. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under § 1001 of 
Title 18 of the United States Code, and that such willful false statements may jeopardize 
the validity of the application captioned above or any patent issuing thereupon. 

Date: i e> . qct z^=x=>~z- <L<^- ^<^w-e^ 

Thi-Sau Migone Ph.D. 
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Summary 

DR3 is a death domain-containing receptor that is 
upregulated during T cell activation and whose over- 
expression induces apoptosis and NF-kB activation in 
cell lines. Here we show that an endothelial cell- 
derived TNF-Iike factor, TL1A, is a ligand for DR3 and 
decoy receptor TR6/DcR3 and that its expression is 
inducible by TNF and IL-1a. TL1A induces NF-kB acti- 
vation and apoptosis in DR3-expressing cell lines, 
while TR6-Fc protein antagonizes these signaling 
events. Interestingly, in T cells, TL1A acts as a costim- 
ulator that increases IL-2 responsiveness and secre- 
tion of proinflammatory cytokines both in vitro and in 
vivo. Our data suggest that interaction of TL1A with 
DR3 promotes T cell expansion during an immune re- 
sponse, whereas TR6 has an opposing effect. 

Introduction 

Members of the TNF and TNFR superfamilies of proteins 
are involved in the regulation of many important biologi- 
cal processes, including development, organogenesis, 
and innate and adaptive immunity (Locksley et al., 2001 ). 
Interaction of TNF ligands such as TNF, Fas, LIGHT, and 
BLyS with their cognate receptor (or receptors) has been 
shown to affect immune responses, as they are able to 
activate signaling pathways that link them to the regula- 
tion of inflammation, apoptosis, homeostasis, host de- 
fense, and autoimmunity. The TNFR super-family can 
be divided into two groups based on the presence of 
different domains in the intracellular portion of the re- 
ceptor. One group contains a TRAF binding domain that 
enables it to couple to TRAFs (TNFR-associated fac- 
tors); these, in turn, activate a signaling cascade that 
results in the activation of NF-kB and initiation of tran- 
scription. The second group of receptors is character- 
ized by a 60 aa globular structure named death domain 
(DD). Historically, death domain-containing receptors 
have been described as inducers of apoptosis via the 
activation of caspases. These receptors include TNFR1 , 
DR3, DR4, DR5, DR6, and Fas. More recent evidence 
(Siegel et al., 2000 and references within) has shown 
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that some members of this subgroup of receptors, such 
as Fas, also have the ability to positively affect T cell 
activation, A third group of receptors has also been 
described. The members of this group, which include 
DcRI, DcR2, OPG, and TR6 (also called DcR3), have 
been named decoy receptors, as they lack a cyto- 
plasmic domain and may act as inhibitors by competing 
with the signal-transducing receptor for the ligand (Ash- 
kenazi and Dixit, 1999). TR6, which exhibits closest ho- 
mology to OPG, associates with high affinity to FasL 
and LIGHT and inhibits FasL-induced apoptosis both in 
vitro and in vivo (Pitti et al., 1 998; Yu et al., 1 999; Connolly 
et al., 2001). Its role in downregulating immune re- 
sponses was strongly suggested by the observation that 
TR6 suppresses T cell responses against alloantigen 
(Zhang et al., 2001) and certain tumors overexpress TR6 
(Pitti et al., 1998; Bai et al., 2000). 

DR3 is a DD-containing receptor that shows highest 
homology to TNFR1 (Chinnaiyan et aL, 1996; Kitson et 
al., 1996; Marsters et al., 1996; Bodmer et al., 1997; 
Screaton et al., 1997; Tan et al., 1997). In contrast to 
TNFR1, which is ubiquitously expressed, DR3 appears 
to be preferentially expressed by lymphocytes and is 
efficiently induced following T cell activation. TWEAK/ 
Apo3L was previously shown to bind DR3 in vitro (Mar- 
sters et al., 1998). However, more recent work raised 
doubt about this interaction and showed that TWEAK 
functions through a TNFR, TweakR, and is able to induce 
NF-kB and caspase activation in cells lacking DR3 
(Schneider et al., 1 999; Kaptein et al., 2000; Wiiey et al., 
2001 ). 

In this paper, we describe the identification and char- 
acterization of a ligand, which we have named TL1A, 
for both DR3 and TR6/DcR3. TL1 A is a longer variant 
of TL1 (also called VEGI), which was previously identified 
as an endothelium-derived factor that inhibited endothe- 
lial cell growth in vitro and tumor progression in vivo 
(Tan et aL, 1997; Zhai et al., 1999a, 1999b; Yue et aL, 
1 999). We found that TL1 A is the full-length gene product 
and is markedly upregulated by TNF and IL-1 a. We show 
that interaction between TL1A and DR3 in a reconstitu- 
ted system or in cells that naturally express DR3 results 
in activation of NF-kB and apoptosis. TR6 is able to 
inhibit these activities by competing with DR3 forTLIA- 
More importantly, we have found that in vitro, TL1A 
functions specifically on activated T cells to promote 
survival and secretion of proinflammatory' cytokines, 
and in vivo, it potently enhances acute graft -versus-host 
reactions. 

Results 

TL1A Is a Longer Variant of TL1 (VEGI) and a Member 
of the TNF Ligand Superfamily 

To identify TNF-Iike molecules, a database of over three 
million human expressed sequence tag (EST) sequences 
was analyzed using the BLAST algorithm. Several EST 
clones with high homology to TNF-Iike molecule 1 , TL1 
(or VEGI), were identified from endothelial cell cDNA 
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libraries. Sequence analysis of these cDNA clones re- 
vealed a 2.02 kb insert encoding an open reading frame 
of 251 aa. The predicted protein tacks an N-terminal 
signal peptide but contains a hydrophobic transmem- 
brane region near the 5' end 1 and a carboxyl domain 
that shows highest sequence identity to TNF (24.6%), 
followed by FasL (22.9%) and LTa (22.2%). Interestingly, 
the C-terminal 151 aa of this protein (aa 101-251) and 
that of TL1 (aa 24-174) are identical, whereas the 
N-terminal regions share no sequence similarity (Figure 
1 A). To distinguish it from TL1, we have named it TL1A. 
The cloned mouse and rat TL1 A cDNAs encode proteins 
of 252 aa and share 63.7% and 66.1 % sequence homol- 
ogy to the human counterpart, respectively (Figure 1 A). 
The presence of in-frame upstream stop codons in hu- 
man, mouse, and rat cDNA clones indicated that these 
open reading frames are full length. 

The 2.02 kb TL1 A cDNA was blasted against the pub- 
lic human genome databases (www.ncbi.nlm.nih.gov/ 
genome/guide/human; www.ensembl.org) and was 
mapped, as TL1 originally was,, to chromosome 9q32 
(Figure 1 B). Detailed sequence alignment revealed that 
TL1 A is encoded by four coding exons (shaded boxes) 
utilizing consensus splicing sites, while TL1 is encoded 
by a continuous DNA containing the exon 4 and its 5' 
adjacent intron region (open box). As a result, TL1 lacks a 
transmembrane domain and the first conserved ^ strand 
seen in other TNF family of ligands. To our surprise, we 
found that the 3.3 kb TL1 cDNA matches completely 
a TL1A genomic DNA region of the same length that 
contains both the introns and exons (3 and 4) of TL1 A 
(Figure 1 B). 

Like most TNF ligands, TL1A exists as a membrane 
bound protein (Figure 3A, fourth panel) and can also be 
processed into a soluble form when ectopically ex- 
pressed (data not shown). The N-terminal sequence of 
soluble TL1A protein purified from full-length TL1A- 
transfected 293T cells was determined to be Leu72 (Fig- 
ure 1A). 

TL1 A Is Predominantly Expressed by Endothelial 
Cells, Is More Abundant than TL1/VEGI, and Is 
Inducible by TNF and IL-1a 

The expression pattern of TL1 A mRNA was studied us- 
ing quantitative real-time polymerase chain reaction 
(TaqMan) and reverse transcriptase polymerase chain 
reaction (RT-PCR) (see Experimental Procedures). We 
found that TL1A was expressed predominantly by hu- 
man endothelial cells, including the umbilical vein endo- 
thelial cells (HUVEC), the adult dermal microvascular 
endothelial cells (HMVEC-Ad), and uterus myometrial 
endothelial cells (UtMEC-Myo), with highest expression 
seen in HUVEC (Figure 2A). An —750 bp DNA fragment 
was readily amplified from these endothelial cells by 
RT-PCR, indicating the presence of full-length TL1A 
transcripts (Figure 2B). Very little expression was seen 
in human aortic endothelial cells (HAEC) or other human 
primary cells including adult fibroblasts (NHDF-Ad and 
HFL-1), aortic smooth muscle cells (AoSMC), skeletal 
muscle cells (SkMC), adult keratinocytes (NHEK-Ad), 
tonsillar B cells, T cells, NK celts, monocytes, or den- 
dritic cells. In human tissues, TL1 A mRNA was detected 
in kidney, prostate, placenta, and stomach, and low 



levels were seen in intestine, lung, spleen, and thymus. 
Very little if any was detected in heart, brain, liver, PBL, 
or adrenal gland (Figure 2A and data not shown). We 
did not detect significant levels of TL1A mRNA in any 
of the cancer cell lines tested, including 293T, HeLa, 
Jurkat, Molt4, Raji, IM9, U937, Caco-2, SK-N-MC, 
HepG2, KS4-1, and GH4C (data not shown). 

Although the reported mRNA expression profile of 
TL1 , detected by Northern hybridization (Tan et al., 1 997; 
Zhat et al., 1999a), is very similar to that of TL1A, the 
Northern probes used for those analyses were derived 
from the shared region of TL1A and TL1 and therefore 
may have detected the total level of expression of the 
two RNA. To analyze the relative abundance of the two 
RNA species, we used TL1A and TL1 -specific primers 
and fluorescent probes for conventional and quantita- 
tive RT-PCR. As shown in Figures 2B and 2C, both meth- 
ods yielded a similar result: that TL1 A mRNA is the more 
abundant form. The amount of TL1 A-specific mRNA is 
at least 15-fold higher than that of TL1 . Since TL1A is 
the predominant species of the two RNA and also ap- 
pears to be the full-length form, we have focused our 
study on this form. 

To determine if TL1A mRNA levels were inducible, 
HUVEC cells were stimulated with TNF, IL-1a, PMA, 
bFGF, or IFN*y. As shown in Figure 2D, PMA and IL-1a 
rapidly induced high levels of TL1 A mRNA, with a peak 
in expression reached at 6 hr after treatment. TNF was 
also able to induce TL1 A mRNA, and a weak stimulation 
by bFGF could be seen at the 6 hrtime point In contrast, 
IFNw may have a negative effect on TL1A expression. 

Identification of DR3 and TR6 as Receptors for TL1A 
To identify the receptor for TL1 A, we generated a 293F 
stable cell line expressing full-length TL1A on the cell 
surface (Figure 3A, fourth panel). These cells were used 
to screen the Fc-fusion form of the extracellular domain 
of TNFR family members, including TNFR1 , Fas, HveA, 
DR3, DR4, DR5, DR6, DcR1 , DcR2, TR6, OPG, RANK, 
AITR, TACl, CD40, and OX40. As shown in Figure 3A, 
DR3-Fc and TR6-Fc bound efficiently to cells expressing 
TL1 A (second and third panels) but not to vector control 
transfected cells (first panel), in contrast, HveA-Fc (sec- 
ond panel) and all the other receptors tested (data not 
shown) did not bind to the TL1 A-expressing cells. We 
then tested whether TR6 could compete with DR3 for 
TL1A binding. When a 2:1 molar ratio of a nontagged 
form of TR6 and DR3-Fc was used, no binding of DR3- 
Fc was detected on TL1 A-expressing cells (third panel). 
These results demonstrated that both DR3 and TR6 can 
bind to the membrane bound form of the TL1A protein. 

To determine whether TL1 A protein could bind to the 
membrane bound form of DR3, a Flag-tagged soluble 
form of the TL1 A (aa 72-251) protein was tested on cells 
transiently transfected with different members of the 
TNFR family, including TNFR2, LTpR, 4-1 BB, CD27, 
CD30, BCMA, DR3, DR4, DR5, DR6, DcRl , DcR2, RANK, 
HveA, and AITR. We consistently detected binding of 
Ftag-TLIA but not Flag-TRAIL to cells expressing full- 
length or DD-deleted DR3 (Figure 3B and data not shown). 
No association was seen with DD-deleted DR5 or any 
of the other receptors tested, demonstrating that TL1A 
interacts specifically with membrane-associated DR3. 
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Figure 1. Sequence and Genomic Structure of TL1A 

(A) Amino acid sequence alignment of TL1A from human (h), mouse (m) t and rat (r), and human TL1. Identical aa are boxed. Dashes indicate 
gaps between regions of homology. The predicted transmembrane domain is underlined, and the potential N-linked glycosylate sites are 
in bold. Arrow represents the N-terminal cleavage site of soluble TL1A. Bars above sequences indicate the positions of £ strand lorming 
sequences (labeled A-H) according to the crystal structure of LTu (Eck et at., 1992). Alignments were generated using Megalign (Ciustal 
Method, DNASTAR) software. 

(B) Diagram of the TL1A genomic structure. IntronVexon sizes are shown above the DNA. The shaded boxes represent TUA coding exons 
1-4, and the open box depicts the intron region encoding the first 23 aa of TL1 . The number of residues encoded by each exon, the genomic 
contigs, and BAC clones that contain the genomic DNA are shown. The 3.3 kb TL1 cDNA matches to the 3' region of the genomic DNA is 
also shown. 



Coimmunoprecipitation studies were also performed 
to confirm the specific interaction between the soluble 
forms of TL1 A and the receptors. We found that DR3- 



Fc and TR6-Fc specifically interacted with Rag-TLIA 
(Figure 3C). In contrast, TACl-Fc or Fas-Fc could not 
immunoprecipitate Ftag-TLI A but efficiently bound their 
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Figure 2. Expression Analysts of TL1A mRNA 

(A) Taqman (quantitative real-time PGR) analysis erf TL1 A mRNA expression. TL1 A-specific primer and fluorescence probe were used. All 
values were normalized to 18S ribosomal RNA internal control. Standard deviations were calculated from triplicate reactions. The relative 
level of expression was displayed in arbitrary units in which one is equivalent to 1 x KT : ' traction of the 18S RNA amount 

(B) R7-PCR analysis of expression of TL1 and TL1 A mRNA in endothelial cells. 0.5 micrograms of total RNA was amplified using gene-specific 
sense and anttsense primers tor TL1 (522 bp product) or TL1A (750 bp product). £-actin (600 bp product) was used as internal control. Lane 
1, HUVEC; lane 2, HMVEC-Ad; lane 3, UtMVEC-Myo; lane 4, HAEC. TL1 cDNA (CI. 2 pg) and TL1A cDNA (C2, 2 pg) were used as positive 
controls. M, 100 bp DNA ladder. 

(C) Taqman analysts of TL1 and TL1A mRNA expression in endothelial cells. TL1 or TL1 A-specific primer and fluorescence probe were used 
and the data were derived from triplicate reactions and analyzed as in (A). Lane 1, HUVEC; lane 2, HMVEC-Ad; lane 3, UtMVEC-Myo; lane A, 
HAEC. The amount of TL1 expression in HUVEC was set as "L 

(D) Inducible expression of TL1 A mRNA in HUVEC cells. HUVEC were either untreated (NT) or treated with IL-lu (2 ng/m!) T TNF (50 ng/ml), 
PMA (100 ng/ml), bFGF (50 ng/ml), or IFN-y (10 ng>ml) tor 1, 6, or 24 hr. TLT A mRNA expression at each time point was analyzed as described 
in (A). TL1A level in untreated sample at 1 hr time point was set as *l. 
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Figure 3. TL1A Interacts with DR3-and TR6/DcR3 

(A) Flow cytometric analyses of TNFR-Fc binding to TL1 A-expressing ceils. 293F cells stably transfected with vector (Neo, first panel) or tull- 
length TL1 A (second and third panels) were incubated with DR3-Fc, TR6-Fc. or HveA-Fc (negative control) and stained with PE-conjugated 
goat anti-human IgG antibody. In the third panel, nontagged TR6, at a 2:1 molar ratio, was used together with DR3-Fc. In the fourth panet, 
TL1A cells were stained with TL1A monoclonal Ab 16H02 or a mouse isotype control Ab. 

(B) Flow cytometric analyses of binding of Ftag-TLIA (aa 72-251) protein to membrane-bound DR3 receptor. 293T cells were transiently 
transfected with either vector control (pC4), or DD-deleted mutant DR3 (pC4:DR3ADD) or DR5 (pC4:DR5^DD). Cells were stained 40 hr later 
with either secondary Ab alone (dashed line) or Flag-tagged protein (Flag-TLIA, filled histogram; Flag-TRAIL, dark line) followed by antt-Fiag Ab. 

(C) Coimmunoprectpitation of DR3-Fc and TR6-Fc with TL1 A. Flag-tagged TL1A (aa 72-251) or BlyS (aa 134-285) protein was incubated with 
or without recombinant DR3-Fc, TR6-Fc, Fas-Fc, or TACI-Fc protein and precipitated with Protein A-agarose beads. The bound proteins were 
analyzed by Western blotting with anti-Flag M2 antibody (upper panel) or with anti-human Fc antibody (lower panel). 



known ligands, Flag-BlyS (Figure 3B) and Flag-FasL (not 
shown), respectively. 

To determine the binding affinity of solubieTUA to 
DR3-Fc and TR6-Fc, we performed a BlAcore analysis 
using a nontagged TL1A (aa 72-251) protein purified 
from E. colt. The kinetics of TL1A binding to DR3-Fc 
was determined using three different batches of the 
TL1A protein. The K* and K D values were found to be 



6.39E + 05 Ms" 1 and 4.1 3E - 03M"\ respectively. The 
average Kd value was 6.45 ± 0.2 nM. TL1A was also 
examined for its ability to bind to several other TNF- 
related receptors (HveA, BCMA, TACl, and TR6). Be- 
sides DR3, only TR6 was found to exhibit significant and 
specific binding to TL1A. The and Ko values were 
T .04E + 06 Ms -1 and 1 .9E - 03 M"\ respectively, which 
gives a Kd of 1.8 nM. The specificity of binding of TL1A 
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to DR3-Fc and TR6-Fc was confirmed by the competi- 
tion of TL1A binding in the presence of excess soluble 
receptor-Fc (data not shown). These Kd values for bind- 
ing of TL1 A to DR3-Fc and TR6-Fc are comparable to 
those determined tor other TNFR-ligand interactions. 

Interaction of TL1A with DR3 Induces 
Activation of NF-kB 

It was reported previously that ectopic expression of 
DR3 results in the activation of the transcription factor 
NF-kB (Chinnaiyan et aL, 1996; Kitson et al., 1996; Mar- 
sters et al., 1 996; Bodmer et aL, 1 997). We therefore 
decided to study TLIA-induced signaling in a recon- 
stitution system in 293T cells in which DR3 and an 
NF-kB-SEAP reporter were introduced by transient 
transfection. To avoid spontaneous apoptosis or NF-kB 
activation caused by DR3 overexpression, we used a 
limited amount of DR3-expression DNA that by itself 
minimally activated these pathways (Figure 4A). Under 
these conditions, cotransfection of cDNA encoding full- 
length or the soluble form of TL1 A resulted in significant 
NF-kB activation. This signaling event was dependent 
on the ectopic expression of DR3 and the presence of 
the DR3 death domain, as TL1 A alone or in combination 
with a DD-deleted DR3 did not induce NF-kB activation 
in these cells. Interestingly, cotransfection of DR3 with 
cDNAs encoding TL1 (full-length or N-terminal 24 aa 
truncated) failed to induce NF-kB activation, suggesting 
that TL1 A and TL1 may utilize distinct receptors and/or 
transduction pathways and the shared region between 
TL1 A and TL1 is not sufficient to mediate NF-kB activa- 
tion. A similar induction of NF-kB activity was observed 
when recombinant TL1 A protein (aa 72-251 , from E. coll 
or Flag-tagged from 293T cells) was added to DR3- 
expressing cells (Figure 4B and data not shown). This 
induction of NF-kB was completely inhibited by the addi- 
tion of an excess amount of TR6-Fc and partially by the 
amount of DR3-Fc used but not by the addition of twice 
as much of TNFR1 -Fc or Fas-Fc. These results demon- 
strated that TL1A is a signaling ligand tor DR3 that in- 
duces NF-kB activation and that TR6 can specifically 
inhibit this event 

To study the signaling events mediated by TL1A on 
cells that naturally express DR3, we analyzed various 
cell lines for the expression of DR3 and found that the 
erythroleukemic cell line TF-1 expressed high levels of 
DR3 (data not shown). In addition, DR3 has been shown 
to be upregulated in activate'd T cells (Screaton et al., 
1997; Tan et al., 1997). Therefore, we studied whether 
TL1A could induce NF-kB activation in TF-1 cells and 
in activated T cells. We analyzed the degradation of 
UBcx, the cytoplasmic inhibitor of NF-kB, and found that 
in both cell types TL1 A rapidly induced the degradation 
of IkBq (Figure 4C) and that the TLIA-induced degrada- 
tion of IkBo could be inhibited by increasing amounts 
of TR6-Fc. These results indicate that TL1 A can activate 
NF-kB in cells expressing endogenous DR3. 

TL1A Induces IL-2 Responsiveness and Cytokine 
Secretion from Activated T Celts 

As DR3 expression is mostly restricted to lymphocytes 
and is upregulated upon T cell activation, we decided 
to study the biological activity of TL1A on T cells. Re^ 



combinant TL1A (aa 72-251) protein was tested tor its 
ability to induce proliferation of resting or costimutated 
T cells (treated with amounts of anti-CD3 and anti-CD28 
that are not sufficient to induce optimal proliferation). 
In resting (data not shown) or costimutated T cells, we 
did not observe a significant increase in proliferation 
over background (Figure 5A, compare the light bars of 
untreated versus TLIA-treated samples). Interestingly, 
cells that were previously treated with TL1A for 72 hr 
were able to proliferate better in response to IL-2 com- 
pared to T cells that had not been pretreated with TL1 A 
(Figure 5A, compare the dark bars of untreated versus 
TLIA-treated samples), indicating that TL1A increases 
the IL-2 responsiveness of costimulated T cells. 

As enhanced IL-2 responsiveness has been associ- 
ated with increased IL-2 receptor expression and altered 
cytokine secretion, it was of interest to assess these 
responses on costimulated T cells treated with TL1A. 
As shown in Figure 5B, TL1A treatment increased the 
number of cells expressing IL-2Ra (CD25) and the level 
of 1L-2R(3 (CD122) expression in these celts. We next 
measured cytokine secretion from these cells and found 
that both IFN-y and GMCSF (Figure 5C) were significantly 
induced, whereas IL-2, IL-4, IL-1 0, or TNF were not (data 
not shown). This effect was mostly dependent on anti- 
CD28, as treatment with anti-CD3 and TL1A, in the ab- 
sence of the signal induced by crosslinking CD28, did 
not result in significant secretion of cytokines (Figure 
5C). The effect that we observed on T cells was specifi- 
cally mediated by TL1 A, as addition of monoclonal neu- 
tralizing antibody to TL1 A or addition of DR3-Fc or TR6- 
Fc proteins was able to inhibit TL1 A-mediated IFN-y 
secretion (data not shown). TL1A was also tested on a 
variety of primary celts, including tonsil B cells, NK cells, 
monocytes, and endothelial cells, but no significant ac- 
tivity was detected (data not shown), suggesting a spe- 
cific activity of TL1 A on T cells. 

TL1A Induces Caspase Activation in TF-1 
Cells but Not in T Cells 

It has been shown previously that overexpression of 
DR3 in cell lines induces apoptosis (Chinnaiyan et al., 
1996; Kitson et al., 1996; Marsters et al., 1996; Bodmer 
et al., 1997). We then studied the effect of recombinant 
TL1 A on caspase activation and apoptosis in DR3-con- 
taining cells: primary activated T cells and TF-1 cells. 
Activated T cells were incubated with recombinant TL1 A 
or FasL in the presence of cycloheximide (CHK). No 
induction of caspase activity was detected in TLIA- 
treated T cells, but it was readily measured when cells 
were triggered with FasL (Figure 6A, left panel), sug- 
gesting that under these experimental conditions, TL1 A 
does not activate caspases in T cells (the assay we used 
detects activation of caspases 2, 3, 6, 7, 8, 9, and 10). 
tn TF-1 celts, in contrast to T cells, TL1A was able to 
induce caspase activation efficiently in the presence of 
CHX (Figure 6A, right panel). FasL was also able to 
induce caspase activation in this cell line, although less 
efficiently than TL1 A. Both DR3-Fc and TR6-Fc but not a 
control Fc protein efficiently inhibited the TLIA-induced 
caspase activation in TF-1 cells (Figure .6B, left panel). 
A TL1 A monoclonal antibody 1 6H02 was also shown to 
completely inhibit this activity (Figure 6B, right panel), 
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Figure 4. Interaction of DR3 and TL1A Induces NF-kB Activation 

(A) 293T cells in 6-well plates were cotransfected with 4 x NF-kB-SEAP reporter (0.1 p^g), pCMV-lacZ reporter (interna! control, 1 0 ng), pC4:DR3 
(5 or 10 ng) or pC4:DR3ADD (TO ng). In addition to these constructs, the cells were cotranslected with the indicated terms of either TL1A or 
TL1 in pC4. SEAP activity was measured 20 hr later from the supernatant and normalized to p-galactosidase activity. Standard deviation was 
calculated from triplicate experiments. 

(B) 293T cells were cotransfected with 4x NF-kB-SEAP reporter (0.1 ^g), pCMV-lacZ reporter (10 ng), pG4, or pC4:DR3 (5 ng) lor 5 hr. Cells 
were then treated with the indicated amounts of recombinant TL1A protein from £. coli in combination with the indicated amounts of DR3- 
Fc TR6-Fc, TNFRI-Fc, or Fas-Fc. SEAP activity was measured and displayed as in (A). 

(C) PHA-activated primary T cells (left panel} or TF-1 cells (right panel) were treated tor the indLcated time points with 100 ng/ml of TL1A in 
the presence or absence of the indicated amounts of TR6-Fc (left panel). Cell lysates were prepared and analyzed by Western blotting using 
a polyclonal antibody to kBa. Equal loading was confirmed by reprobing with an anti-PI-3K polyclonal antibody. 



confirming that the caspase activation was mediated by 
TL1 A. No significant caspase activation was observed in 
the absence of CHX in either cell type (data not shown). 
To confirm that the observed caspase activation fol- 



lowing TL1A treatment correlated with induction of cell 
death, we analyzed both TF-1 cells and primary acti- 
vated T cells by annexin V and propidium iodide staining. 
As shown in Figure 6C, significant apoptosis (annexin 



Immunity 
486 



B 



5000- 

4000- 

E 3000- 

c 

u 

2000- 
1000- 



T 



50000- 

40000- 

£ 30000" 

c 

u 

20000- 
10000- 

o- 



untreated 

IL-2 (at 72h) 



control 



TL1A 



IL-2 




E 
■& 

Cl 



E 
ch 

Cl 
LL. 

tn 
u 



! ! 



antiCD3 



antiCDS + antiCD2B 



antiCD3 



antiCDS + antiCD26 



Figure 5. TL1 A Increases IL-2 Responsiveness and Induces Cytokine Release in Anti-CD3- and Anti-CD2B-Treated T Cells 

Human T cells 0 * 1 OVml) in plates coated with suboptimal levels of anti-CD3 (0.3 fig/ml) and anti-CD2B (5 p-g/ml) were either untreated or 

treated with rhlL-2 (1 ng/ml) or TLTA (aa 72-251, 100 ng/ml) tor 72 hr. 

(A) Cells were then incubated with medium alone (RPMI) or with rhlL-2 0 ng/ml) and pulsed with 0.5 ^Ci 3 H-thymidine tor 24 hr to measure 
proliferation. Results are expressed as an average of triplicate reactions plus standard error. 

(B) Cells were stained with PE-conjugated antibodies against lL-2Ra (CD25) and IL-2R(5 (CD122). 

(C) Human T cells p x lOVml) were seeded in 24-well plates that had been precoated with either anti-CD3 alone, or anti-CD3 and anti-CD28 
as shown above. The cells were then treated with either rhlL-2 (5 ng/ml) or TL1 A (100 ng/ml). Supematants were collected after 3 days and 
analyzed for the presence of IFN-j and GMCSF by EUSA. Results are expressed as an average of triplicate reactions plus standard error. 



V/PI positive cells, upper right quadrant of each panel) 
was seen only in TF-1 cells treated with TL1 A and CHX 
(32.25%). No dramatic apoptosis occurred in T cells 24 
hr post TLTA treatment in the presence or absence of 
CHX. These results are consistent with our measure- 
ment of caspase activation. 



TL1A Promotes Splenocyte Alloactivation in Mice 
To determine if the in vitro activities of TL1A could be 
reproduced in vivo, a mouse model of acute graft-ver- 
sus-host-response (GVHFt) was developed in which pa- 
rental C57BL/6 splenocytes were injected intravenously 
into (BALB/c x C57 BL/6) F1 mice (CB6F1), and the 
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Figure 6. TL1 A Induces Caspase Activation in the Erythroleukemic Line TF-1, but Not in Activated T Cells 

(A) Activated T cells (left panel) or TF-1 cells were treated with mcreas.ng concentrations of recombinant FasL (aa 130-281) or TUA aa 
72-251). 0.1 ngVml-3 J^ni in the presence of cyclohex.mide (CHX, 10 M tor 6 hr. Caspase act^ty was measured as descnbed m the 

V?T?T:l ^T^well, were treated with recombinant TL1 A (1 00 ng/m.) ,n the presence of CHX tor 6 ihr In the ,«t pane! • j^™* 
Fc and a control Fc protein were added at the indicated concentrations either alone or in combination wrth TUA. In the nght P^-^- 
IDA antibody or an IgGI control were added at the indicated con cent rat, ons in combination wrth TUA Caspase act.vty was measured as 
described in the Expenmental Procedures. Results are expressed as an average of triplicate samples plus standard error 

TF-1 cells and activated T cells were treated with CHX (10 mj/ml). TL1 A (200 ng/rnl), or CHX ,n combmat.on wrth TUA tor 24 hr. 



(C) 

were tnen stained tor annexin V/propidium 



Cells 



iodide and analyzed by FACS. The relative percent of annexin V/Pl positive cells is shown. 
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Figure 7. TL1A Enhances In Vivo and Ex Vivo Splenic Alloactivation 

CB6F1 (H-2-) mice were injected .ntravenously with 1 .5 x 10* of splenocytes from either C57BU6 (H-2» alloact,vation) or CB5F1 
to FT ) on day 0, followed by a daily .ntravenous treatment with recombinant TL1 A <aa 72-251 , 3 mg/kg), h«t-d«natured TL1A < H ^TLTA) o 
buffer tor 5 days from day 0 to day A. Spleen weight (A), spontaneous splenocyte ex vivo proliferation (B), and I FN 7 (C and GMCSF (D) 
production from ex vivo culture were measured. Representative results from one experiment (n = 4 mice) were shown as the mean SEM, 
and similar result* were obtained in two other experiments. The data were analyzed by AN OVA t tests tor spleen we.gh. K.net.c splenocyte 
proliferation and cytokine production were analyzed by using a two-way ANOVA model tor repeated measurements. Symbols and represent 
significant (p < 0.05) and highly significant difference lp < 0.005), respectively. 
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recipient's immune responses were measured. Typical 
alloactivation results in splenomegaly of the recipient 
mice and enhanced proliferation and cytokine produc- 
tion of the splenocytes cultured ex vivo (Via, 1 991 ; Zhang 
et al., 2001). The large number of T cells in the spleen 
and their expected upregulation of DR3 in response to 
alloactivation makes this an ideal model to assess the 
effect of TL1A on a defined in vivo immune response. 
As shown in Figure 7, 5 day administration of 3 mg/kg/ 
day of the recombinant TL1 A protein markedly en- 
hanced the graft-versus-host responses. The same 
mean spleen weight (0.095 g) was seen for both naive 
mice and mice transferred with CB6F1 syngeneic splen- 
ocytes (Figure 7A). Alloactivation alone (transfer only 
C57BL/6 splenocytes into CBF1 mice and treat the mice 
with buffer only) resulted in a 2.2-fold increase in splenic 



weight (M3.22 g). Treatment of allografted CB6F1 mice 
with recombinant TL1 A protein (aa 72-251) further in- 
creased splenic weight about 50% to a mean value of 
0.34 g (Figure 7 A). TL1 A treatment also significantly en- 
hanced ex vivo splenocyte expansion (Figure 7B) and 
secretion of IFN-y (Figure 7C) and GMCSF (Figure 7D). 
This effect is dependent on the TL1 A protein as heat- 
denatured TL1A (HD-TL1 A) lost most of these in vivo 
and ex vivo activities. Thus, TL1A strongly enhances 
GVHFt in vivo, and this effect is consistent with the ob- 
served in vitro activities. 

Discussion 

Death domain-containing receptors have historically 
been defined as proteins that can induce apoptotic cell 
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death through activation of caspases. Recent work per- 
formed with TNF, FasL, and Fas (Siegel et al., 2000 and 
references within) has shown that while these proteins 
are potent inducers of cell death they also have the 
more subtle ability to act as costimulatory signals during 
T cell activation. FasL was shown to promote prolifera- 
tion and IL-2 secretion from T cells treated with subopti- 
mat doses of anti-CD3, whereas Fas-Fc inhibited T cell 
costimulation. This positive effect on T cells has been 
further confirmed by the studies of the FADD _/ ~ mice 
(Varlolomeev et at., 1998; Zhang et al., 1998; Newton et 
at., 2001). Cells lacking FADD, which associates with 
DD and is required for the recruitment of caspase-8, not 
only are impaired in their ability to induce apoptosis but 
also exhibit a defect in T cell proliferation in response 
to mitogens. This suggests that DD-induced signals may 
result in different effects depending on the activation 
state of the responding T cell or on the specific stage 
of an immune response or of development. Therefore, 
during the initial stage of an immune response or in the 
presence of suboptimal antigen presentation, factors 
that signal through DD-containing receptors may act 
as costimulatory signals. In contrast, at the end of an 
immune response, they may contribute to the specific 
elimination of the excess activated T cells, or they may 
contribute to the regulation of negative selection in the 
thymus during development. 

DR3 was initially described as a TNFR capable of 
inducing NF-kB activation and apoptosis when ectopi- 
cally overexpressed in cell lines. TWEAK/Apo3L was 
shown to be a ligand for DR3 (Marsters et al., 1998). 
Neither others nor ourselves were able to demonstrate 
this interaction using similar methods (Schneider et al., 
1999; Kaptein et al., 2000; our unpublished data). Re- 
cently, a novel TWEAK receptor, TweakR, was identified 
(Wiley et al., 2001). Therefore, the nature of DR3 and 
TWEAK interaction remains unclear. 

In this paper, we describe the identification of a longer 
variant of TL1/VEG1, called TL1 A, and provide evidence 
that it is a ligand for both DR3 and TR6. TL1A is ex- 
pressed primarily in endothelial cells, and its expression 
is highly inducible by TNF and IL-1 a. As tor the relation- 
ship between TL1A and TL1, several lines of evidence 
strongly suggest that TL1A is the predominant, full- 
length gene product for this TNF family member and 
that TL1 is very likely a cloning artifact. First, TL1 A mRNA 
is readily detected from endothelial cells, and several 
EST clones encoding the full-length TL1A exist. In con- 
trast, a single TL1 clone with 3.3 kb insert was obtained 
through cDNA library screening (Zhai et at., 1999a), and 
no EST sequence corresponding to the full-length TL1 
has been found from either the public or other data- 
bases. Furthermore, we were unable to clone the mouse 
or rat TL1 counterparts (L.Z. and P.W., unpublished 
data). Second, the human genomic information (Figure 
1 B) clearly shows that the TL1 A cDNA was derived from 
normally spliced, multiexon mRNA, like that of other 
TNF family members. Consistent with this, TL1 A has the 
characteristics of a full-length type II membrane protein. 
The complete matching of TL1 cDNA to a continuous 
TL1 A genomic DNA region that contains both the introns 
and exons with intact consensus splicing sites strongly 
suggests that TL1 cDNA was derived from nonspliced/ 
incompletely spliced nuclear RNA, a common source 
of cloning artifact The low level of TL1 -specific RNA 



detected by RT-PCR and Taqman (Figures 2B and 2C) 
may reflect the smalt proportion of nuclear RNA in total 
RNA preparations. Third, TL1A but not TL1 cDNA has 
an optimal eukaryotic Kozak sequence (-6 AGGAG 
C ATG G + 4 versus -6 AATGAT ATG A -t- 4) , suggesting 
that TL1 may not be properly translated. In line with this, 
no activity of the full-length TL1 has been reported, and 
the full-length TL1 did not show antiangiogeneic activity 
in vivo (Zhai et al., 1999a). 

We have found that TL1A functions specifically as a 
T cell costimulator, which is consistent with DR3 being 
mainly expressed on activated T cells. The signal in- 
duced by TL1A on T cells results in increased respon- 
siveness to IL-2 and in the secretion of proinflammatory 
cytokines. As TL1A production is significantly elevated 
in activated endothelial cells, the interaction with DR3 
would occur when T cells are recruited to the site of 
inflammation and increase their ability to expand and 
to secrete proinflammatory cytokines. This, in turn, will 
result in recruitment and activation of macrophages and 
neutrophils. The ability of TL1A to enhance and amplify 
an immune response is evident from our in vivo work 
using the acute GVHR model. In this setting, in which a 
high proportion of T cells are activated and are therefore 
expected to express DR3, treatment with TL1 A resulted 
in the exacerbation of the response. We, in fact, found 
an . increase in T cell expansion (increase in splenic 
weight and ex vivo proliferation) and in the secretion of 
IFN-y and GMCSF. 

Interestingly, we have observed that while TL1A was 
able to induce NF-kB activation and a costimulatory 
signal in primary T cells, it did not induce significant 
caspase activation or apoptosis. In contrast, TL1A was 
able to induce caspase activity and apoptosis in the 
tumor cell line TF-1 , which is consistent with the possi- 
bility that binding of TL1 A to DR3 may couple to distinct 
signaling pathways in different contexts. The fact that 
caspase activation and apoptosis were observed mainly 
in the presence of CHX indicates that, as seen for other 
TNF family members, signaling by TL1A results in a 
balance between positive and negative effects on cell 
viability. Therefore, apoptosis in this cell line can be 
detected only when protein synthesis is blocked and 
proliferative signals are inhibited. 

Although TL1 A (aa 72-251 ) protein exerts potent activ- 
ity on activated T cells, we did not observe significant 
antiangiogenic activity of it in both in vitro and in vivo 
experiments (our unpublished data). It is known that 
many antiangiogenic factors are processed protein 
products whose full-length proteins have different bio- 
logical activities. The fact that truncated TL1 proteins, 
which correspond to aa 101-251 and 106-251 of TL1A 
(Zhai et al., 1999a, 1999b; Yue et a!., 1999), have an 
antiangiogenic effect is consistent with this notion. 

Recently, mice with a disrupted DR3 gene have been 
described (DR3 W ~ mice; Wang et al., 2001) as having a 
partial defect in negative selection during thymocyte 
development. It, will be interesting to see whether TL1 A 
contributes to the complex regulation of the removal of 
autoreactive thymocytes that occurs during develop- 
ment or whether this effect is mediated by another mem- 
ber of the TNF family that is able to interact with DR3. 

In addition to TLIA's binding to DR3, we show that, 
as seen in the case of Fas and LIGHT, the decoy receptor 
TR6 can compete with DR3 for TL1 A binding. Our data 
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obtained from the BlAcore analysis and from the inhibi- 
tion studies with DR3-Fc and TR6-Fc suggest that TLl A 
can bind both receptors with high affinity of the order 
of what has been previously reported for other members 
of the TNFR family and their ligands. TR6 has been 
shown previously to negatively regulate cytotoxic T lym- 
phocyte activity in vitro and T cell responses to atloanti- 
gens in acute GVHR in vivo ( Zhang et al., 2001 ). TR6 
has also been shown to be overexpressed in certain 
tumors f Pitti et al.. 1 998: Bai et al.. 2000 ). suggesting that 
some tumors may escape FasL-dependent cell death by 
expressing a decoy receptor that blocks FasL. Its ability 
to bind FasL, Light, andTLIA with high affinity suggests 
that it may modulate the duration and the magnitude of 
an immune response or it might protect tumor cells from 
apoptosis. A careful analysis of TL1A, DR3, and TR6 
expression in human diseases may reveal a role for 
these molecules in autoimmune, inflammation, or tumor 
genesis. 

Experimental Procedures 

Cells, Constructs, and Other Reagents 

All human cancer cell lines and normal lung fibroblasts (HFL-1 ) were 
purchased from the American Tissue Culture Collection. Human 
primary cells were purchased Irom Clonetics Corp. Cells were cul- 
tured as recommended. Human cDNA encoding the full-length TLl, 
TL1A, and DR3; the extracellular domain of TL1 (aa 25-174), TLl A 
(aa 72-251), BlyS (aa 134-285), and FasL (aa 130-281); and death 
domain-truncated DR3 (DR3ADD, aa 1-345) and DR5 (DR5ADD, 
aa 1-321) were amplified by PCR and cloned into the mammalian 
expression vectors pC4 and/or pFLAGCMVI (Sigma). The extracel- 
lular domains of human DR3 (aa 1-199), TACI (aa 1-159), HveA (aa 
1-192), Fas (aa 1-169), and full-length TR6 (aa 1-300) were each 
fused in-frame, at their C terminus, to the hinge and Fc domain of 
human IgGI and cloned into pC4. Monoclonal antibody against 
TLl A, 16H02 (lgG1), was raised and purified as described (Kohler 
and Miistein, 1975). Stable cell lines expressing pcDNA3.1 vector 
control (Neo) or full-length TLl A were selected in 293F cells in 0.5 
mg/ml Genticin (Invitrogen). 

Cloning of Human, Mouse, and Rat TLl A cDNA 
TLl A was identified from human EST databases. The mouse and 
rat TL1A cDNA was isolated by low-stringency PCR amplification 
trom mouse or rat kidney Marathon-Ready cDNAs (Clontech), Each 
sequence was derived and confirmed from more than two indepen- 
dent PCR products. 

Quantitative Real-Time PCR (Taqman) and RT-PCR Analysis 
Total RNA was isolated trom human cell lines and primary cells 
using TriZOL (Invitrogen). Taqman was canned out in a 25 m-I reaction 
containing 25 ng of total RNA, 0.6 each of gene-specific forward 
and reverse primers, and 0.2 m-M of gene-specific fluorescence 
probe. TLIA-specific primers (forward: CACCTCTTAGAGCAGACG 
GAGATAA; reverse: TT AAAGTGCTGTGTG GG AGTTTGT ; probe: CCA 
AGGGCACACCTGACAGTTGTGA) amplify an ampiicon spanning nt 
257 to 340 of the TLl A cDNA. TLl -specific primers (forward: 
CAAAGTCTACAGTTTCCCAATGAGAA; reverse: GGGAACTGATTT 
TTAAAGTGCTGTGT; probe: TCCTCTTTCTTGTCTTTCCAGTTGTGA 
GACAAAC) amplify nt 17 to 113 of the TLl cDNA. Gene-specific 
PCR products were measured using an ABI PRISM 7700 Sequence 
Detection System following the manufacturer's instructions (PE 
Corp.). The relative TLl A mRNA level was normalized to the IBS 
ribosoma! RNA internal control in the same sample. 

For RT-PCR analysis, 0.5 u.g of total RNA was amplified with TLl - 
(GCAAAGTCTACAGTTTCCCAATGAGAAAATTAATCC) or TLIA-spe- 
cific sense primer (ATGGCCGAGGATCTGGGACTGAGC) and an 
antisense primer (CTATAGTAAGAAGGCTCCAAAGAAGG I I 1 I ATC 
TTC) using Superscript One-Step RT-PCR System (Invitrogen). 
p-actin was used as an internal control. 



Recombinant Protein Purification 

Flag fusion proteins were produced from 293T cells by transient 
transfection and purified on anti-Flag M2 affinity columns (Sigma) 
according to the manufacturer's instructions. Receptor proteins with 
or without Fx fusion were produced from Baculovirus or CHO stable 
cell lines as described (Zhang et a!., 2001). Recombinant, untagged 
TLl A protein (aa 72-251 ) was generated and purified from £. coli. In 
brief, £. coii cell extract was separated on an HO- 50 anion exchange 
column (Applied Biosystems) and eluted with a salt gradient. The 
0.2 M NaCI elution was diluted and loaded on an HQ-50 column, 
and the flow-through was collected, adjusted to 0.B M ammonium 
sulfate, and loaded on a Butyl-650s column (Toso Haus). The column 
was eluted with a 0.6-0 M ammonium sulfate gradient, and the 
tractions containing TLl A protein were pooled and further purified 
by sire exclusion on a Superdex-200 column (Pharmacia) in PBS. 
AM recombinant proteins were in trtmerform and confirmed by NH 2 - 
terminal sequencing on an ABI-494 sequencer (Applied Biosystem). 
The endotoxin level of the purified protein was less than 10 EU/mg 
as measured on a LAL-5000E (Cape Cod Associates). 

Flow Cytometry, Immunoprecipitation, and Western Blotting 
One million cells, in 0.1 ml of FACS buffer (PBS, 0.1 % BSA, and 
0.1 % NaNJ, were incubated with 0.1-1 m£ of protein or antibody at 
room temperature for 1 5 min. The cells were washed with 3 ml of 
FACS buffer, reacted with biotinylated primary antibody, and stained 
with PE-conjugated secondary antibody at room temperature tor 
1 5 min. Cells were then washed again and resuspended in 0.5 ^.g/ 
ml of propidium iodide, and live cells were gated and analyzed 
on a FACScan using the CellOuest software (BD Biosciences). For 
annexin V/PI staining, one million cells in 250 m-I PBS containing 
calcium (BDPharmingen) were incubated with annexin V FtTC and 
propidium iodide for 15 min at room temperature in the dark and 
analyzed. 

For coimmunoprecipitation studies, 2 m-9 each of purified TNFR- 
Fc proteins was incubated with 1 m-9 of Flag-tagged TLl A, FasL, or 
BlyS protein and 20 p.1 of protein A-Sepharose beads in 0.5 ml of 
IP buffer (DM EM, 10% FCS, and 0.1 % Triton X-100) at 4°C for 4 hr. 
The beads were then precipitated and washed extensively with 
PBST buffer (PBS and 0.5% Triton X-100) before being boiled in 
SDS-sample buffer. 

For IkBq degradation studies, activated T cells or TF-1 cells were 
treated with 100 ng/ml of TLl A for the indicated time points in the 
presence or absence of the indicated amounts of TR6-Fc. Cells 
were then washed and lysed in RIPA buffer. Proteins were separated 
on SDS-PAGE (NOVEX), transferred onto PVDF membranes {Milli- 
pore), and immunoblotted with a polyclonal antibody to IkBo (Santa 
Cruz). 

j 

BlAcore Analysis 

Recombinant TLl A (from £. coli) binding to various human TNF 
receptors was analyzed on a BlAcore 3000 instrument TNFR-Fc 
were covalently immobilized to the BlAcore sensor chip (CMS chip) 
via amine groups using N-ethyl-N'-(dimethytaminopropyl) carbodit- 
mtde/N-hydroxysuccintmide chemistry. A control receptor surface 
of identical density was prepared with BCMA-Fc that was negative 
for TL1A binding and used tor background subtraction. Eight differ- 
ent concentrations of TLl A (range: 3-70 nM) were flowed over the 
receptor-derivatized flow cells at 15 uJ/min for a total volume of 50 
M-I. The amount of bound protein was determined during washing 
of the flow cell with HBS buffer (10 mM HEPES [pH 7.4], 150 mM 
NaCI, 3.4 mM EDTA, and 0.005% Surfactant P20). The fiow cell 
surface was regenerated by displacing bound protein by washing 
with 20 m-I of 1 0 mM glycine-HCI (pH 2.3). For kinetic analysts, the 
on and off rates were determined using the kinetic evaluation pro- 
gram in BlAevaluation 3 software using a 1 :1 binding model and the 
global analysis method. 

T Cell Proliferation Assays 

Whole blood from human donors was separated by Ficoll (1CN Bio- 
technologies) gradient centritugation, and cells were cultured over- 
night in RPMI containing 1 0% FCS (Biofluids). T celis were separated 
using the MACS PanT separation kit (Milteny Biotech). The T cell 
purity achieved was usually higher that 90%. The cells were seeded 
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on anti-CD3 (0.3 u.g/mt, Pharmingen) and anti-CD28 (5.0 n-g/ml) 
coated 96-well plates at 2 x lOVwell and were incubated with me- 
dium alone, 1 ng/ml of IL-2 (R&D Systems), or 100 ng/ml of TL1A 
(aa 72-251) at 37°C. After 72 hr in culture, the cells were either 
untreated or treated with 1 ng/mi of IL-2 and pulsed with 0.5 jiCi 
of 3 H-thymidine tor another 24 hr, and incorporation of 3 H was mea- 
sured on a scintillation counter. 

Cytokine ELISA Assays tor Primary Cells 

1 x 1 0* cells/ml of purified T cells were seeded in a 24-well tissue 
culture plate that had been coated with antt-CD3 (0.3 ^g/ml) and 
anti-CD2B (5.0 n-g/ml) overnight at 4°C. Recombinant TL1 A (aa 72- 
251) protein (100 ng/ml) was added to cells, and supematants were 
collected 72 hr later. ELISA assays tor IFN-y, GM-CSF, IL-2, IL-4, 
IL-1 0, and TNFa were performed using kits purchased from R&D 
Systems. Recombinant human IL-2 (5 ng/ml) was used as a positive 
control. All samples were tested in duplicate and results were ex- 
pressed as an average of duplicate samples plus or minus error. 

Caspase Assay 

TF-1 cells or PHA-activated primary T cells were seeded at 75,000 
cells/well in a black 96-well plate with clear bottom (Becton Dickin- 
son) in RPMI medium containing 1 % feta! bovine serum (Biowhit- 
taker). Cells were treated with Til A or FasL in the presence or 
absence of cycloheximide (10 ^g/ml) tor 6 hr. Caspase activity was 
measured directly in the wells by adding an equal volume of a 
lysis buffer containing 25 DEVD-rod amine 1 10 (Roche Molecular 
Biochemicals) and allowing the reaction to proceed at 37 D C for 1 to 
2 hr. Release of rodamine 110 was monitored with a Wallac Victor2 
fluorescence plate reader with excitation filter 485 nm and emission 
filter 535 nm. 

Murine Gratt-Versus-Host Reaction 

CB6F1 (H-2 b "°) mice (C57BL/6 x BALB/c) were transfused intrave- 
nously with 1.5 X 10 e spleen cells either from C57BL/6 mice (H-2 b ) . 
or from CB6F1 mice on day 0. Recombinant TL1 A (aa 72-251) pro- 
tein, heat-denatured TL1A (56°C for 45 min), or buffer alone was 
administered intravenously tor 5 days at 3 mg/kg/day starting on 
the same day as the transfusion. The spleens of the recipient F1 
mice were harvested on day 5 and weighed. Single celt suspensions 
were prepared for ex vivo assays. 

Ex Vivo Mouse Splenocyte Proliferation and Cytokine Assays 
Splenocytes from normal and the transfused Fl mice were cultured 
in triplicate in 96-well flat-bottomed plates (4 x 10* cells/200 \i\f 
well) for 2-4 days. After removing 1 00 uJ of supernatant per well on 
the day of harvest, 10 m-1 Alamar Blue (Biosource) was added to 
each well, and the cells were cultured for an additional 4 hr. The 
cell number in each well was assessed according to OD^o™, minus 
ODsao^ background, using a CytoFiuor apparatus (PerSeptive Bio- 
systems). Cytokines in the culture supernatant were measured with 
commercial ELISA kits from Endogen or R&D Systems following the 
manufacturer's instructions. . 
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DR3 (Wsl, Apo3, LARD, TRAMP, TNFSFR12) is a member of the death domain-containing tumor necrosis 
factor receptor (TNFR) superfamily, members of which mediate a variety of developmental events including the 
regulation of cell proliferation, differentiation, and apoptosis. We have investigated the in vivo role(s) of DR3 
by generating mice congenitally deficient in the expression of the DR3 gene. We show that negative selection 
and anti-CD3-induced apoptosis are significantly impaired in DR3-null mice. In contrast, both superantigen- 
induced negative selection and positive selection are normal. The pre-T-cell receptor-mediated checkpoint, 
which is dependent on TNFR signaling, is also unaffected in DR3-deficicnt mice. These data reveal a nonre- 
dundant in vivo role for this TNF receptor family member in the removal of self-reactive T cells in the thymus. 



The tumor necrosis factor receptor (TNFR) superfamily 
comprise a growing family of type I membrane bound glyco- 
proteins which interact with the TNF family of soluble medi- 
ators and type II transmembrane proteins. At least 23 TNFR 
superfamily members and 17 known ligands have been identi- 
fied in mammals (reviewed in references 3, 35, and 44). These 
receptors trigger pleiotropic responses, ranging from apoptosis 
and differentiation to proliferation, and have been implicated 
in immune regulation, host defense and lymphoid organ de- 
velopment. 

Members of the TNFR family are characterized by the pres- 
ence of varying numbers (three to six) of cysteine-rich repeats 
in their cytoplasmic domains (52). TNFRs are subdivided 
based on the presence or absence of a 70- to 80-amino-acid 
region of homology in the cytoplasmic region called the death 
domain, through which these receptors trigger apoptosis (20, 
48). DR3 (also called Wsl, Apo3, TRAMP, LARD, TR3, and 
TNFRSF12) is one of six death domain-containing TNFR fam- 
ily members (the others are TNFR1, CD95/FAS, DR4, DR5, 
and DR6) and is the one most closely related to TNFR1. 
Studies on the TNFR1 crystal structure suggest that ligand 
binding or receptor overexpression results in receptor trimer- 
ization and recruitment of trimeric intracellular signaling mol- 
ecules (4, 36). DR3, like TNFR1, recruits TNFRl-associated 
death domain protein (TRADD) and Fas-associated death 
domain-containing protein (FADD) (5, 6, 11, 12, 24) as down- 
stream effectors of apoptosis. These, in turn, interact with 
caspase 8 (FLICE/MACH) (7, 31), and a cascade of interleu- 
kin-ip-converting enzyme-like cysteine proteases which trigger 
cell death (13, 17, 27). DR3 also recruits TRAF2 via TRADD 
(18, 24, 29, 39) and thus activates the transcription factor, 
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NF-kB, that induces the transcription of a number of immune 
genes (19). In this respect, DR3 (like TNFR1) is capable of 
inducing both apoptosis and expression of survival/activation 
genes and is likely to have multiple functions depending on the 
context of its expression. 

DR3 was first reported as the only death domain-containing 
TNFR family member with lymphoid organ-restricted expres- 
sion (11, 24). More recent studies have, however, shown DR3 
expression to be less restricted, though not as ubiquitous ex- 
pression of as its other death domain-containing TNFR rela- 
tives (47, 51). DR3 expression patterns may be further com- 
plicated by the presence of at least 13 human (24, 42, 53) and 
3 mouse (51) splice variants. DR3 splicing may be develop- 
mentally regulated since human peripheral blood leukocytes 
have been shown to express full-length DR3 mRNA only fol- 
lowing activation (42). While the ligand for DR3 has been 
reported as TWEAK (30, 10), it has also been shown that 
TWEAK can bind and signal in a DR3-negative cell line via 
a TNF/TNFR1 -related mechanism (40). Thus, the problems 
with identifying a single ligand together with the complex ex- 
pression of DR3 have contributed to the lack of functional data 
for this gene. To date, the only ex vivo indication, albeit indi- 
rect, that DR3 has an apoptotic role stems from the detection 
of translocations affecting the DR3 gene in several neuroblas- 
toma cell lines (16). 

To determine the in vivo function(s) of DR3, we generated 
mice that are deficient in the expression of its murine homo- 
logue. DR3-deficient mice show no defects in organ develop- 
ment (lymphoid or otherwise), lymphoid proliferation, or ap- 
optosis triggered by glucocorticoids or DNA-damaging agents. 
There is also no defect in the progression of double-negative 
(DN) thymocytes through the pre-T-cell receptor (TCR)-me- 
diated checkpoint, a developmental transition at which TNFR 
signaling has been shown to be important (33). However, an 
impairment of negative selection, as well as anti-CD3-medi- 
ated cell death of thymocytes, is observed in DR3-deficient 
mice, suggesting a nonredundant role in TCR-induced apopto- 
sis that establishes central tolerance in vivo. 
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MATERIALS AND METHODS 

Generation of DR3 W ~ mice. A human cDNA corresponding to the full-length 
DR3 gene was used as a probe to isolate clones from an EMBL3A phage library 
of 129/Sv mouse strain genomic DNA (51). A 6-kb Sma\-Mfe\ fragment covering 
the whole of the coding region of the DR3 gene was replaced with a cassette 
containing an internal ribosome entry site (IRES), lacZ poly(A), and neomycin 
resistance (neo) gene flanked by loxP sequences (a gift from Andrew Smith, 
University of Edinburgh, Edinburgh, United Kingdom). The DR3 gene targeting 
construct was linearized and transfected into GK129 embryonic stem (ES) cells 
by electroporation, ES cell clones were selected in G418-containing medium on 
a monolayer of mitotically inactivated STO feeder cells. Clones were picked and 
screened for homologous recombinants using the probes shown in Fig. 1A. ES 
clones with correct 5' and 3' recombinations were microinjected into C57BL/6 
blastocysts and introduced into pseudopregnant C57BL/6 mice. Male chimeric 
offspring were bred to obtain germ line mutant mice which were screened either 
by Southern blotting or by PCR. 

Maintenance and breeding of mouse strains. All mice were kept under barrier 
conditions at the Imperial Cancer Research Fund animal unit. H-Y TCR trans- 
genic mice were kindly provided by H. von Boehmer (22). Rag l w ~ mice were 
acquired from the Jackson Laboratory. For H-Y TCR transgenic studies, 
DR3" /_ x H-Y TCR mice were obtained by crossing DR3 _/ ~ mice with 
DR3 t/_ H-Y TCR heterozygote transgenics, thus deriving DR3 +/_ and DR3 _/ ~ 
mice with and without the H-Y TCR transgene. All mice analyzed were between 
6 and 14 weeks of age. For analysis of each age group (6, 10, and 14 weeks), mice 
were sacrificed within one day of their weekly age. 

Flow cytometric analysis. Fluorescence-activated cell sorting (FACS) analysis 
was performed on a FACScan (Becton Dickinson) using CellOuest software. 
Single-cell suspensions were prepared from freshly isolated bone marrow, lymph 
nodes (inguinal), spleen, and thymus. All samples were gated on standard for- 
ward scatter versus-side scatter gates. Thymocytes were stained using combina- 
tions of the antibodies from Becton Dickinson (anti-CD4-fluorescein isothiocya- 
nate [F1TC], anti-CD4-phycoerythrin [PE], anti-CD8-FITC, anti-CD8-biotin, 
anti-CD30, anti-CD44-PE, anti-CD25-biotin, anti-VB8-FITC [F23.1], anti-CD3- 
FITC [2C1 1], anti-aBTCR-FITC, anti-y&TCR-FITC, anti-B220-FlTC, and anti- 
5-bromo-2'-deoxyuridine [BrdU]) or Caltag Laboratories (anti-CD8-Tricolor, 
streptavidin-Tricotor, anti-neutrophil-FITC, and anti-monocyte-FlTC) or kindly 
donated by P. Kieselow and H. von Boehmer for H-Y transgenic analysis (T3.70 
and T3.70-FITC specific for Va3 [49]). BrdU and unconjugated T3.70 or CD30 
were visualized using anti-mouse immunoglobulin G (IgG)-FITC (Dako). 

Lymphocyte proliferation assays. In vivo BrdU incorporation assays were 
carried out as described elsewhere (56). In brief, 1 mg of BrdU (Sigma) was 
injected twice intraperitoneal^, 30 min apart. Mice were then sacrificed after 6 h, 
thymuses were extracted, and single-cell-suspension thymocytes were isolated. 
BrdU incorporation was visualized using a standard BrdU-labeling protocol (28) 
with an anti-BrdU antibody (Becton Dickinson) and anti-mouse Ig-FITC sec- 
ondary (Dako) and analyzed on a FACScan (Becton Dickinson). 

For in vitro [ 3 H]thymidine uptake assays, 2 X 10 5 lymphocytes, isolated as 
described above, were aliquoted into 96-well flat-bottomed plates and stimulated 
with anti-CD3 (2C11), anti-CD3, and anti-CD28 (37.51; Pharmingen), 1 ng of 
phorbol myristate acetate (PMA) and ionomycin (Sigma) per ml, or 5 u.g of 
concanavalin A (Sigma) per ml. For antibody stimulations, plates were previously 
coated with the monoclonal antibodies (MAbs) overnight at 4°C at 10 u-g/ml in 
phosphate-buffered saline (PBS) and washed five times with PBS before use. 
Cultures were performed in RPMI medium supplemented with 10% heat-inac- 
tivated fetal calf serum and 50 u,M P-mercaptoethanol, Stimulations were carried 
out in triplicate and incubated for 72 h before pulsing for 18 to 24 h with 
pHJthymidine (1 mCi/well; Dupont NEN, Boston, Mass.). Cells were then har- 
vested onto fiberglass filter mats (Pharmacia, Uppsala, Sweden) and washed with 
a cell harvester (Skatron). Beta emission was counted on a Betaplate counter 
(Pharmacia). Results are presented as a stimulation index, calculated as the 
geometric mean of stimulated cultures/geometric mean of control cultures with 
medium only ± 1 standard deviation. No significant differences were observed 
between the medium-only controls of DR3 and DR3 -/ ~ lymphocytes. 

Apoptosis assays. For anti-CD3-induced apoptosis assays, experiments were 
carried out as described elsewhere (46). In brief, 96-well flat-bottomed plates 
were coated with anti-CD3 MAb 2C11 (2, 10, or 50 M-g/™') or anti-CD3 and 
anti-CD28 MAb (each at 10 u-g/ml) in PBS, overnight at 4°C, or with rat lg as a 
control. Plates were washed three times with PBS before use. Thymocytes were 
extracted, resuspended in single-cell suspension in Dulbecco's modified Eagle's 
medium (Gibco BRL) supplemented with 10% heat-inactivated fetal calf serum, 
and aliquoted into plates at 5 x 10* cells/well. For PMA (Sigma) stimulation, a 
final concentration of 1 ng/nl was used. Samples were then incubated at 37°C for 
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the indicated times before analysis for apoptosing cells using annexin V-FITC 
(Pharmingen) and propidium iodide staining to gate out dead cells. All samples 
were performed in triplicate. Values for percent anti-CD3-induced apoptosis 
were calculated using the following formula: (% annexin V cells after anti- 
CD3 - % annexin V cells in rat Ig controls)/(100 — % annexin V * cells in rat 
lg controls) X 100. For other apoptosis assays, thymocytes were cultured in vitro 
in standard RPMI medium supplemented with 10% heat-inactivated fetal calf 
serum and 50 jiM p-mercaptoethanol, and apoptosis was induced by stimulation 
with the following reagents: cycloheximide (30 M-g/ml) and anti-Fas antibody (1 
u,g/ml); dexamethasone (2 u,M); and etoposide (50 u.M). Samples were taken at 
4, 8, 12, 24, and 48 h poststimulation. Apoptosis was visualized using both 
annexin V-FITC staining, or pre-Gj peak DNA staining with propidium iodide. 

RESULTS 

Generation of DR3~ /_ mice. The strategy used to inactivate 
the DR3 gene in ES cells is shown in Fig. 1A. We chose to 
disrupt exon 1 and replace all of the coding exons of the gene 
to exclude the possibility of any expression of DR3 splice 
variants. The entire coding region of the DR3 gene, from exon 
1 (56 bp upstream of the ATG initiation codon) to 297 bp 
downstream of the polyadenylation site, was replaced with a 
construct containing an IRES, p-galactosidase (lacZ) gene, 
and neo gene flanked by loxP sites. ES cell clones with correct 
5' and 3' recombinations were detected by screening using 
probes outside the recombination arms of the targeting vector. 
5' recombination was detected by the reduction of a 6.5-kb 
wild-type BamWl fragment to 3.9 kb and 3' recombination by 
the reduction of an 11.5-kb wild-type Xbal band to 10 kb (Fig. 
1A and B). The homologous recombination frequency was 
4.2%. Four clones were chosen for injection into blastocysts. 
Mice heterozygous for the targeted allele, as detected by 
screening for 5' recombination in genomic Southern blots of 
tail DNA (Fig. 1C), were generated from two ES cell clones 
with correct 5' and 3' integrations of the targeting construct. 

Breeding of heterozygous (DR3 +/_ ) mice generated ho- 
mozygote DR3-null (DR3 _/_ ) mice (Fig. 1C) in normal Men- 
delian and male/female ratios (data not shown). Due to the 
targeting strategy (deletion of the entire coding region of the 
DR3 gene), the mutation must clearly be null. In agreement 
with this, no transcripts were detected by PCR analysis using 
any combination of primers specific for the DR3 coding se- 
quence. A representative reverse transcription-PCR demon- 
strating this using primers encoding sequences within the DR3 
death domain is shown in Fig. ID. 

Normal development of major organs, peripheral lymphoid 
organs, and lymphocyte subsets in DR3 _/_ mice. The pattern 
of expression of mouse DR3 in the brain, heart, and kidney as 
well as lymphoid organs (51) prompted us to investigate 
whether there were any general developmental defects in 
DR3~ /_ mice. Histological analysis of all major organs (includ- 
ing brain, heart, and kidney) revealed no abnormalities (data 
not shown). In particular, the peripheral lymphoid organs such 
as thymus, spleen, lymph nodes, and Peyer's patches all showed 
normal development. Primary B-cell follicles and follicular 
dendritic cell networks were present in the peripheral lym- 
phoid organs from DR3 _/ ~ mice (data not shown), unlike their 
TNFRl- ; - counterparts (25, 32, 37). 

A more detailed analysis of the B- and T-lymphocyte pop- 
ulations in peripheral lymphoid organs from DR3-deficient 
mice was carried out by FACS analysis using a battery of 
antibodies that define the various lymphoid populations. No 
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FIG. 1. Generation and screening of DR3 _/_ mice. (A) Map of the coding region of the DR3 gene (top), the targeting construct (middle), and 
the targeted locus (bottom). Restriction enzyme sites are indicated by single letters; B, BamHl; E, EcoRI; H, HindlU; M, Mfel; S, SmaV, X, Xba\. 
The positions of the DR3 exons are shown. An IKES/lacZ/loxP/neo vector was used to replace the whole coding region of the DR3 gene. The 5' 
arm was generated using a 3-kb //j>idlll~5mal fragment, while the 3' arm consisted of a 3-kb Mfel-EcoRl fragment. (B) Southern blot screening 
for homologous recombination in ES cell clones. Genomic DNA was isolated from transfected ES cell clones, digested with either BamHl or JVfoal, 
and screened with probe A (left) for 5' recombination or probe B (right) for 3' recombination, respectively. Only ES cell clones with correct 
recombination at both ends were used for injections. Sizes of fragments are indicated. (C) Southern blot analysis and genomic PCR of 
representative mouse tail DNA. Genomic DNA was isolated from mouse tails, screened for correct 5' recombination by Southern blotting using 
a BamHl digest and probe A, and screened for correct 3' recombination by genomic PCR using the three primers (filled triangles) Fl, F2 (in the 
neo gene), and Rl. Sizes of fragments, recombinant and wild-type bands are indicated. (D) Reverse transcription-PCR analysis of thymus cDNA. 
cDNA prepared from total thymus RNA was subjected to PCR analysis using specific primers corresponding to sequences within the DR3 death 
domain exon. Actin primers were used a positive control. Sizes of fragments are indicated. 
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significant differences were observed between DR3~ /_ mice 
and their heterozygous or wild-type littermates (data not 
shown). There were also no significant differences in the weight 
and size of spleens or lymph nodes at any age examined (data 
not shown). 

Increased thymus size but normal turnover in DR3 _/ ~ mice. 
TNFR family members have been shown to be important reg- 
ulators of developmental processes. The expression of DR3 in 
developing thymocytes suggested that DR3 may be a regulator 
of thymocyte development. To determine whether DR3 is re- 
quired for normal thymocyte development, thymocyte sub- 
populations were analyzed by flow cytometry. There were no 
significant differences in the four major thymocyte populations 
defined by the expression of the CD4 and CD8 markers. How- 
ever, a small but significant increase in the average total num- 
ber of thymocytes derived from DR3-deficient mice, compared 
to heterozygous littermates, was observed (Fig. 2A). At 2 to 5 
weeks of age, DR3 _/ ~ thymuses were generally about 10% 
larger than their heterozygote counterparts, and by 29 to 32 
weeks this difference had increased to about 30%. A larger 
study (data not shown), covering mice aged from 26 to 233 
days, showed these differences to be significant using a differ- 
ent statistical analysis (Mann -Whitney U test; U = 5,965, P < 
0.05). No difference in thymocyte number was observed be- 
tween wild-type and heterozygous mice (data not shown). This 
increase in thymus size appeared not to be a consequence of an 
increase in thymocyte proliferation and/or turnover, since nei- 
ther the proportion nor the numbers of thymocytes which 
incorporated BrdU differed significantly between DR3 _/ ~ and 
DR3 +/ " mice (Fig. 2B). 

Early thymocyte development is unaffected by the absence of 
DR3. The small but significant increase in total thymocyte 
numbers in DR3-deficient mice was consistent with a regula- 
tory role of DR3 at one or more stages of thymocyte develop- 
ment. There are two major checkpoints at which thymocyte 
development is controlled. The DN-to-double-positive (DP) 
thymocyte transition selects immature thymocytes with in- 
frame TCRp rearrangements and is regulated by the pre-TCR. 
The DP-to-single-positive (SP) thymocyte transition selects 
major histocompatibility complex (MHC)-restricted, nonauto- 
reactive thymocytes and is regulated by the mature apTCR. To 
investigate whether DR3 plays an essential role in early thy- 
mocyte development, we initially analyzed DN thymocyte sub- 
sets, as defined by the absence of CD4, CD8, apTCR, 78TCR, 
and B220 surface markers and the differential expression of 
CD44 and CD25, by flow cytometry. As shown in Fig. 2C 
(upper panels), this analysis revealed no consistent differences 
in the relative proportions of DN populations in DR3 _/ ~ com- 
pared to DR3 +/_ mice. 

Analysis of transgenic mice expressing dominant negative 
FADD (DN-FADD)/MORTl (which binds to TNFR death 
domains) has implicated a role for death receptor signaling in 
early thymocyte development at the pre-TCR checkpoint (33). 
This study showed that the DN-FADD transgene bypassed the 
requirement for pre-TCR signaling, promoting the survival 
and differentiation, but not the proliferation, of CD25 + 
CD44 - thymocytes in Rag-deficient mice. These results have 
suggested a model in which dual signaling, via the pre-TCR 
and death receptors, triggers the development of early pre-T 
cells, whereas death receptor signaling in thymocytes that lack 
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a pre-TCR induces apoptosis. To test whether FADD recruit- 
ment to DR3 is essential for the regulation of the pre-TCR- 
mediated checkpoint, Ragl x DR3 doubly deficient mice were 
analyzed. As shown in Fig. 2C (lower panels), thymocyte de- 
velopment was completely arrested at the CD25 + CD44 - DN 
stage in Rag~ /_ X DR3 _/ ~ mice, demonstrating that DR3 is 
not essential for FADD-mediated deletion of DN thymocytes 
that fail to make in-frame rearrangements at the TCRp locus. 

Negative selection is impaired in DR3 -/ ~, H-Y transgenic 
mice. The DP-to-SP thymocyte transition is a checkpoint at 
which a developmental decision is made between cell death 
and survival. Thymocytes expressing a(3TCRs that have no 
detectable affinity for ligand, or which are autoreactive, un- 
dergo apoptosis, whereas cells expressing apTCRs with inter- 
mediate affinities receive survival signals and generate the pool 
of mature SP thymocytes and otpT cells. To investigate whether 
DR3 is essential for efficient negative selection of thymocytes, 
the H-Y TCR transgenic mouse model was used (22). The H-Y 
TCR recognizes a male-specific antigen in the context of f/-2* 
In male mice, thymocytes expressing the transgenic TCR are 
deleted, whereas in female mice, transgene-expressing cells 
undergo positive selection, resulting in an increased propor- 
tion of CD8 SP cells. 

In male H-Y TCR H-? transgenic mice, CD8 + TCR-ex- 
pressing cells are efficiently deleted by negative selection. To 
determine whether this deletion was dependent on the expres- 
sion of DR3, the proportion of CD8 + TCR-expressing thymo- 
cytes from DR3-deficient, H-Y TCR male mice was analyzed 
by flow cytometry using MAb T3.70, which recognizes the Vct3 
chain of the H-Y TCR. This analysis was carried out using 
male mice 6, 10, and 14 weeks of age. As shown in Fig. 3A and 
B, and as reported previously (22), an age-dependent deletion 
of transgenic TCR-positive, CD8 + thymocytes was observed in 
male mice. At 14 weeks of age, the total numbers and propor- 
tion of H-Y TCR CD8 SP thymocytes were barely detectable. 
A striking increase in the numbers and proportions of CD8 + 
T3.70 + thymocytes, was observed in DR3-deficient H-Y TCR 
transgenic male mice compared to DR3 +/ ~ littermates. A sig- 
nificant difference was apparent in 10-week-old male mice and, 
by 14 weeks of age there was at least a fourfold difference in 
the numbers of transgenic TCR-positive CD8"*~ SP cells in 
DR3-deficient male mice. 

The observed increase in the numbers of CD8" 4 " T3.70 + 
thymocytes could be a consequence of either an increase in 
proliferation and/or a decrease in apoptosis of this subset. To 
distinguish between these possibilities, the turnover of thymo- 
cytes in male DR3 _/ ~ H-Y and DR3 +/ " H-Y TCR transgenic 
littermates was investigated by examining their BrdU incorpo- 
ration. Mice 10 weeks age were chosen, as no significant dif- 
ferences in CD8 + T3.70 + thymocyte numbers or thymus size 
were observed at 6 weeks (Fig. 3B and data not shown), while 
at 14 weeks around half the DR3 +/_ H-Y mice had virtually 
undetectable thymuses. The proportion of thymocytes incor- 
porating BrdU into DNA did not differ in the DR3 +/ ~ or 
DR3 _/ ~ background, but as expected from the increase in 
thymus size, there was a significant increase in the numbers of 
BrdU + thymocytes in DR3 _/ " H-Y male mice (Fig. 3C). Sig- 
nificantly, the numbers of transgenic Vp8 + thymocytes were 
increased and accounted for the rise in observed BrdU uptake 
(Fig. 3C). 
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FIG. 2. Analysis of thymocyte development in DR3 +/_ and 
DR3 _/_ mice. (A) Thymus size in DR3 _/ ~ mice. Total thymocyte 
numbers were collected for mice at the ages indicated (DR3 +/ ~ and 
DR3 _/_ , n > 11 and n > 10, respectively, for each age group), and 
means were generated. DR3~ /_ thymuses were generally larger than 
their DR3 -/ ~ counterparts, irrespective of age. Significance using / 
tests is indicated. (B) Turnover and proliferation in DR3~ /- thymus. 
The proportion (left) and number (right) of BrdU + thymocytes were 
estimated as described in Materials and Methods. Filled bars, DR3 _/_ ; 
hatched bars, DR3 +/ ~. (C) Early thymocyte development in DR3 _/ ~ 
mice. Upper panels depict representative FACS plots showing expres- 
sion of CD44 and CD25 in early thymocyte subsets from DR3 +/ ~ (left) 
and DR3 _/ ~ (right) mice. Thymocytes were extracted and depleted of 
cells expressing CD4 and CD8 using specific antibodies and comple- 



One means by which thymocytes escape negative selection in 
male H-Y transgenic mice is by down-regulation of the CD8 
coreceptor, allowing a small proportion of T3.70 + transgenic 
thymocytes to migrate to the periphery (22). Thus, CD8 1 " 
T3.70 + T cells can be detected in the peripheral lymphoid 
organs, though these cells remain unresponsive to H-Y antigen 
due to undefined peripheral tolerance mechanisms. Increased 
down-regulation of the CD8 coreceptor may therefore be one 
possible mechanism for the defect in negative selection that is 
observed in DR3 _/ ~ H-Y TCR transgenic mice. However, as 
shown in Fig. 3A and D, there was an increased proportion of 
CD8 + T3.70 + thymocytes in male DR3 _/_ mice compared to 
their heterozygous littermates, demonstrating that coreceptor 
down-regulation is not the major mechanism of escape from 
negative selection in these mice. A reduction in the surface 
level of the H-Y TCR may also enable thymocytes to escape 
negative selection. However, as shown in Fig. 3D, surface H-Y 
TCR levels were equivalent in DR3 -/ ~ and DR3 +/ ~ mice. 

Defective negative selection in male H-Y TCR transgenic 
DR3 _/_ mice might be expected to result in an equivalent 
increase in the CD8 + T3.70 + T-cell load in the peripheral 
lymphoid organs. To test this possibility, the number of trans- 
genic peripheral T cells was determined. As no differences in 
the development of different lymph nodes were observed in 
DR3 _/ ~ mice (data not shown), inguinal lymph nodes from 
H-Y TCR transgenic mice were used as a representative lymph 
node. While no differences were detected in inguinal lymph 
nodes, a significant increase (—40%) in the numbers of CD8 + 
T3.70 + T cells was observed in the spleens of DR3~ /_ mice. 

A previous analysis has revealed that mice deficient in the 
expression of CD30, a TNFR family member that lacks a death 
domain, exhibit defective negative selection (2). Since CD30 
maps to the same chromosomal location as DR3 (8), it is 
possible that the observed negative selection defect in DR3- 
null mice is a consequence of an indirect effect of the gene 
targeting strategy on CD30 gene expression. To rule out this 
possibility, CD30 expression on thymocytes from DR3 _/_ mice 
was assayed by flow cytometry. There were no differences in 
the overall proportions of CD30-expressing thymocytes be- 
tween DR3 _/_ thymocytes and their heterozygous or wild-type 
littermates. However, a more detailed analysis identified a 
CD4'° CD8 10 CD30 + population that was significantly reduced 
in DR3~ /_ mice compared to their DR3 +/ ~ counterparts (data 
not shown). The reduction in this thymocyte subset is age 
dependent, but CD4 lQ CD8'° CD30 + cells were generally lower 
in both proportion and number in DR3~ /_ mice. There were 
no significant differences in this subset between DR3 +/ ~ and 
DR3 +/+ mice (data not shown). 

Endogenous superantigen-mediated deletion of T cells is 
unaffected in DR3-dericient mice. T cells expressing TCRs that 
recognize minor lymphocyte-stimulating determinants en- 



ment. The remaining thymocytes were stained with anti-CD44-PE T 
anti-CD25-biotin with streptavidin-Tricolor and anti-CD4-FITC, anti- 
CD8-FITC, anti-B220-FITC, ^STCR-FITC, and afJTCR-FITC. DN 
thymocytes were analyzed by gating on the CD4~, CD8~, B22CT, 
apTCR", and 7&TCR" populations. Lower panels depict representa- 
tive FACS plots showing CD4 and CD8 thymocyte subsets in Rag-1- 
deficient DR3 +/ ~ (left) and DR3 _/ " (right) mice. 
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FIG. 3. Negative selection in male DR3 _/ ~ x H-Y transgenic mice. (A) Representative FACS plots showing expression of CD8 and T3.70 in 
14-week-old male H-Y transgenic mice. Thymocytes were extracted and stained with anti-CD4-PE, anti-CD8-Tricolor, and anti-T3.70-FITC. 
DR3~'~ x H-Y mice (right) showed an increase in the proportions of CD8 + T3.70 + thymocytes compared to their DR3 +/ ~ x H-Y littermates. 
(B) Proportions and numbers of CD8 + T3.70 + thymocytes in H-Y TCR transgenic DR3~'~ and DR3 +/ ~ mice with age. Male DR3~'~ x H-Y mice 
showed higher proportions (top) and numbers (bottom) of CD8 + T3.70 4 " thymocytes with age compared to their DR3 +/ " X H-Y littermates. 
Differences were statistically significant using parametric (for numbers) or nonparametric (for percentages) / tests from 10 weeks of age and are 
indicated on the graphs. Means were calculated from n > 7 mice. Standard deviations of the means are indicated by bars. Filled bars, DR3 _/ ~; 
hatched bars, DR3 +/ ~. (C) BrdU uptake of male DR3 _/_ X H-Y transgenic mice, determined as described in Materials and Methods. The mean 
from n > 5 mice for each thymocyte population is shown. All mice were 10 weeks of age (±1 day). Proportions (top) of BrdU + thymocytes did 
not differ between H-Y transgenic, DR3 _/ ~ and DR3 +/ ~ mice, but numbers (bottom) of BrdU + thymocytes were increased in DR3 _/ ~ X H-Y mice 
compared to their DR3 +/_ littermates at 10 weeks of age. Increased numbers of total BrdU + cells were due to increases in the BrdU + DN and 
transgenic Vf}8 + thymocyte populations. Filled bars, DR3~'~; hatched bars, DR3 +/ ~. (D) CD8 and T3.70 expression on DR3~ /_ x H-Y transgenic 
thymocytes. Thymocytes were extracted from 10-week-old mice and stained with anti-CD4-PE, anti-CD8-Tricolor, and anti-T3.70-FITC. Thymo- 
cytes were either gated for CDS expression and their T3.70 expression (top) or gated for high T3.70 expression and their CDS expression shown 
(bottom). Representative overlay histograms are displayed and labeled with the proportion of positive cells and the level of each surface marker, 
as measured by their mean fluorescence channel (MFC). Male DR3 _/ " x H-Y mice (thick line) showed an increase in the proportion of T3.70 hi 
thymocytes expressing CDS compared to their DR3 +/ ~ X H-Y (shaded) littermates but no difference in the level of CD8 expression (lower panel). 
There was no significant difference in the proportion of CD8 + thymocytes expressing T3.70 or the level of T370 expression on CD8 + thymocytes 
compared with male DR3 _/ " and DR3 +/_ H-Y transgenic mice. 
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TABLE 1. MMTV superantigen deletion of CD4 and CD8 SP cells 






SP cell type 




Thymus 


Spleen 




Lymph node 






Vp5 


V08 


V05 


Vp8 


CD4 














DR3 +/+ 


3.0 ± 0.4 


15.0 ± 1.3 


2.7 ± 0.6 


17.5 ± 1.8 


2.2 ± 0.3 


19.0 ± 0.8 


DR3 _/ - 


3.2 ± 0.9 


13.7 ± 1.3 


2.5 ± 0.3 


17.3 ± 1.5 


2.2 ± 0.1 


18.5 ±0.2 


CD8 














DR3 +/+ 


10.7 ± 0.9 


9.9 ± 1.3 


12.4 ± 0.6 


17.9 ± 1.2 


13.3 ± 0.8 


16.0 ± 1.5 


DR3~ ; - 


11.0 ± 4.1 


7.4 ± 1.1 


14.8 ± 2.0 


19.7 ± 3.7 


13.0 ±0.3 


16.6 ± 1.7 



coded by endogenous superantigens in the mouse genome 
together with MHC class II molecules are deleted. Minor lym- 
phocyte-stimulating determinants expressed on the 129 X 
C57BL/6 background of DR3-deficient mice result in the de- 
letion of several Vp-expressing CD4 + T cells including Vp5 
(1). To determine whether endogenous superantigen-driven 
deletion is defective in DR3-null mice, lymph node T cells, 
splenic T cells, and SP thymocytes were analyzed using anti- 
bodies to specific Vp families. As shown in Table 1, V(35- 
bearing CD4 + T cells were efficiently deleted in DR3-null 
mice, whereas the proportion of nondeleting Vp8 cells was 
unaffected. These data show that DR3 is not essential for 
superantigen-mediated deletion. 

Anti-CD3-induced, but not non-antigen receptor-mediated, 
apoptosis is impaired in DR3-deficient mice. Immature DP 
thymocytes and T cells are susceptible to an array of cell 
death-inducing stimuli, including anti-CD3 cross-linking, glu- 
cocorticoid treatment, Fas ligation, and DNA-damaging 
agents. To assess whether these forms of apoptosis are also 
dependent on DR3 expression, thymocytes and peripheral T 
cells were subjected to treatment with anti-CD3 cross-linking, 
the steroid dexamethasone, the DNA-damaging agent etopo- 
side, and the protein synthesis inhibitor cycloheximide in con- 
junction with an anti-Fas signal. 

Using propidium iodide to exclude all dead cells and annexin 
V surface labeling, the proportion of live thymocytes undergo- 
ing early stages of apoptosis was measured at different time 
points up to 48 h after stimulation. Cross-linking of surface 
CD3 on DR3~ /_ thymocytes resulted in significantly reduced 
levels of apoptosis compared to DR3 +/ ~ thymocytes at lower 
concentrations of anti-CD3 MAb (2 |xg/ml [Fig. 4A and B] and 
10 p-g/ml [data not shown]) but not higher concentrations (50 
fxg/ml) of coating anti-CD3 MAb (data not shown). The re- 
duction in the proportion of apoptosing cells induced by anti- 
CD3 treatment was observed at 12 h (data not shown) 24 and 
48 h (Fig. 4B) and ranged from 15 to 45%. In contrast, the 
levels of apoptosis of thymocytes induced by PMA or anti-CD3 
and anti-CD28 (Fig. 4B) were indistinguishable between 
DR3 +/ " and DR3~'~ thymocytes. 

In contrast, neither DR3 _/ ~ thymocytes nor lymphocytes 
extracted from inguinal lymph nodes were resistant to any of 
the other apoptosis-inducing agents used. There were no dif- 
ferences in the rate of apoptosis over 48 h following treatment 
with these agents compared to lymphocytes from DR3 +/+ and 
DR3 +/ ~ mice (Fig. 5). 

We extended these investigations by performing prolifera- 
tion assays using a variety of polyclonal stimulators. Previous 
studies have shown that lymphocytes from transgenic mice 



expressing a dominant negative form of FADD, a downstream 
signaling molecule of DR3, have impaired proliferative ability 
(34, 56). Therefore, the ability of DR3-deficient thymocytes 
and T cells to respond to a variety of proliferative stimuli was 
assessed. DR3~ /_ lymph node cells, splenocytes, and thymo- 
cytes exhibited no impairments in proliferation to anti-CD3, 
anti-CD3, and anti-CD28, concanavalin A, or PMA plus iono- 

A 

DR3 +/+ DR3 




38.2% 



Annexin-V-FXTC 




Time (hrs) 

FIG. 4. Apoptosis of thymocytes following CD3 ligation. (A) Rep- 
resentative FACS histograms showing reduced proportions of annexin 
V-positive thymocytes from DR3 _/_ mice compared to DR3 +/+ age- 
and sex-matched controls after CD3 cross-linking. A stimulation of 2 
u,g/ml was used, and thymocytes were stained after 48 h. Dead cells 
were gated out using propidium iodide. (B) Thymocyte suspensions 
were stimulated for up to 48 h with plate bound anti-CD3 or rat Ig as 
a negative control. Percent apoptosis was measured as the proportion 
of propidium iodide-negative thymocytes, which were positive for an- 
nexin V. Anti-CD3 treatment at 2 (xg/ml resulted in an increase of 
50.7% in apoptosing thymocytes above rat Ig controls by 48 h in 
DR3 +/ " thymocytes (filled squares) compared to 38.7% in DR3 _/_ 
thymocytes (open squares). There were no differences in apoptosis of 
DR3 _/ " (open) and DR3 +/+ (filled) thymocytes following stimulation 
with PMA (triangles) or anti-CD3 and anti-CD28 (circles). Results are 
the means of 3 DR3 _/ ~ and DR3 +/_ littermates, with duplicate cul- 
tures performed on each mouse. Standard deviations are shown as 
bars. * and ** represent P < 0.0003 and P < 0.004, respectively, using 
/ tests assuming unequal variance. 
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FIG. 5. Apoptosis of thymocytes and lymphocytes after exposure to 
various apoptosis inducing agents. Assays were carried out over 48 h 
with apoptosis measured using annexin V-FITC staining or sub-G| 
peak following staining with propidium iodide as described in Mate- 
rials and Methods. There were no differences in the induction of 
apoptosis using cycloheximide and anti-Fas, dexamethasone, or etopo- 
side on thymocytes (A) or lymphocytes (B) derived from inguinal 
lymph nodes from DR3 +/+ (open triangles), DR3 +/_ (closed circles), 
or DR3 _/_ (open circles) mice. 



mycin compared to heterozygote or wild-type littermates 
(Fig. 6). 

Positive selection is unimpaired in DR3 1 mice. The 

apTCR is first expressed at the DP stage, resulting in a pop- 
ulation of apTCR'° and CD3'° thymocytes which then undergo 
positive selection to generate the a[3TCR hi and CD3 hi SP sub- 
sets. Positively selected thymocytes also transiently up-regulate 
the expression of CD69. Analysis of CD3 and CD69 expression 
on thymocytes from DR3-deficient mice showed no significant 
difference in the proportions of CD3 hl or CD69-positive cells 
between DR3-null mice and their heterozygous littermates, 
suggesting that DR3 is not absolutely required for positive 
selection (data not shown). This conclusion was consistent with 
a flow cytometric analysis of DR3-deficient female mice ex- 
pressing the H-Y TCR. No difference was observed in the 
numbers or proportions of H-Y TCR-expressing CD8 SP cells 
between DR3-expressing or -deficient thymocytes (Table 2). 
The H-Y TCR is H-2K b restricted and therefore selects on 
both C57BL/6 and 129 mouse strain backgrounds. Thus, the 
mixed strain nature of the knockouts should not affect the 
efficiency of positive or negative selection. Taken together, 
these results demonstrate that DR3 is not required for positive 
selection during thymocyte development. 

DISCUSSION 

DR3 belongs to a family of receptors that plays an important 
role in regulating cell survival and proliferation. These pro- 
cesses are tightly regulated during T-cell development. Thus, 
signals originating from the pre-TCR mediate the survival and 



100 




FIG. 6. Proliferation of lymphocytes, thymocytes, and splenocytes 
to various stimuli Assays were carried out over 96 h with proliferation 
measured by [ 3 H]thymidine uptake over the final 18 to 24 h as de- 
scribed in Materials and Methods. There were no significant differ- 
ences in thymidine uptake of lymphocytes (top), splenocytes (middle), 
or thymocytes (bottom) between DR3 +/ ~ and DR3 _/ ~ cells using 
anti-CD3, anti-CD3, and anti-CD28, PMA and ionomycin, or con- 
canavalin A as stimuli. Data are presented as a stimulation index over 
medium-only controls, which were not significantly different between 
DR3 +/ - and DR3 _/ " cells. Filled bars, DR3 _/_ ; hatched bars, DR3 +/+ . 
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TABLE 2. Positive selection in female H-Y transgenic DR3 ' and 
DR3 +/ ~ mice 



Organ (cell type) 



Age 
(wk) 



No. of cells (I0 h ± SO)" 



KO (n) 



HET (n) 



Thymus (all thymocytes) 


6 


129 




29 (7) 


134 




42(10) 




10 


95 




29 (7) 


98 


■+- 


31(12) 




14 


74 




49(7) 


75 




24(6) 


Thymus (CD8 + T370 + ) 


6 


33.2 


-+- 


12.1 (7) 


51.8 




30.3 (10) 




10 


25.4 


•+■ 


7.3 (7) 


31.1 




13.3 (12) 




14 


24.4 


-4- 


10.0 (7) 


22.2 




6.5 (6) 


Spleen (CD8 + T370 + ) 


6 


2.9 




0.4 (7) 


3.3 


-f- 


2.1 (10) 




10 


4.7 




4.0(7) 


4.8 




2.1(12) 




14 


2.7 




1.6(7) 


3.2 




1.7 (6) 


Inguinal LN (CD8+ T370 + ) 


6 


0.38 




0.21 (7) 


0.68 




0.56(10) 




10 


0.39 




0.16(7) 


0.66 




0.35 (12) 




14 


0.73 




0.52 (7) 


0.63 




0.34 (6) 



" In all cases, the difference between KO and HET values was nonsignificant. 



proliferation of pre-T cells that have undergone in-frame 
TCRp gene rearrangements. The apTCR controls the survival 
of DP thymocytes, selecting those cells expressing TCR with 
intermediate affinity for MHC ligand and inducing pro- 
grammed cell death of high-affinity, autoreactive T cells. DP 
thymocytes that fail to express an apTCR also undergo apo- 
ptosis. The expression of DR3 in developing thymocytes 
prompted the hypothesis that it is a key regulator of life/death 
decisions during thymocyte development. This notion was 
tested by generating and analyzing mice deficient in DR3 ex- 
pression. 

TNFR family members containing death domains (TNFR1, 
Fas, DR3, DR4, DR5, and DR6) transduce death signals by 
interaction of their death domains with FADD, a death do- 
main-containing cytoplasmic protein. FADD then recruits 
other cytoplasmic effectors such as caspase 8, TRADD, 
TRAF2, and RIP that activate the apoptotic machinery (41). 
Studies of transgenic mice expressing DN-FADD in develop- 
ing thymocytes have given rise to the hypothesis that stimula- 
tion of death domain-containing TNFRs on early pre-T cells 
induces cell death via FADD only in the absence of pre-TCR- 
derived signals (33). In the presence of pre-TCR-derived sig- 
nals, the TNFR signals proliferation. The present study dem- 
onstrates that DR3, which is expressed on early and late pre-T 
cells, is not essential for the transduction of apoptosis or pro- 
liferation signals at the pre-TCR-mediated developmental 
checkpoint. It may, however, participate in the regulation of 
p-selected thymocytes in concert with other death receptors, 
such as DR5, Fas, and TNFR1. An analysis of mice deficient in 
the expression of multiple death receptors would resolve this 
question. 

The DP-to-SP thymocyte transition is associated with exten- 
sive cell death. The pathway(s) that, in concert with signals 
derived from high-affinity TCRs, induce apoptosis in DP thy- 
mocytes have not been defined. TNFRs have, however, been 
implicated in negative selection in the thymus. Thus, a role for 
Fas in negative selection at high doses of antigen has been 
proposed (23). Also, negative selection has been shown to be 
either enhanced following CD30 overexpression (9) or par- 
tially impaired in mice deficient in the expression of CD30, a 
non-death domain-containing member of the TNFR superfam- 



ily (2). We show here that DR3 is also important for negative 
selection, which is impaired in the absence of this receptor. 
Thus, the induction of apoptosis in DP thymocytes by anti- 
CD3, an agonist that is presumed to mimic a high-affinity TCR 
interaction, is impaired at least at low concentrations of anti- 
CD3 (2 and 10 u,g/ml) in DR3-null mice. Interestingly, this 
effect is abrogated by high anti-CD3 concentrations, suggesting 
a greater contribution of DR3 to apoptosis when the signaling 
strength is not maximal. Also, the deletion of H-Y TCR trans- 
genic thymocytes in male mice is partially inhibited, an effect 
which is manifested most clearly in older mice. Although the 
numbers and proportions of H-Y TCR transgenic thymocytes 
were indistinguishable between DR3" /_ and DR3 +/ ~ back- 
grounds in 6-week-old male mice, a significant inhibition of 
negative selection occurred in DR3-null mice at 10 weeks, at 14 
weeks, when H-Y TCR-expressing thymocytes were virtually 
undetectable in most male mice expressing DR3, transgene- 
positive cells were easily detectable in all DR3-null mice ana- 
lyzed. However, substantial negative selection had clearly oc- 
curred in male DR3-null mice, since at 14 weeks, male 
thymuses contained only about 1/100 the numbers of cells 
found in the thymuses of female transgenic mice. 

The notion that death domain-containing TNFRs play a role 
in negative selection is in apparent contradiction to studies of 
mice expressing DN-FADD in thymocytes. In one such study, 
negative selection was unaffected by DN-FADD, although in 
this study negative selection was assayed in 6-week-old H-Y 
TCR male mice (50). At this age, we observed no difference in 
negative selection in the presence or absence of DR3. In an 
independent study, the deletion of autoreactive thymocytes 
was enhanced in H-Y TCR+ DN-FADD + male thymocytes 
(34). These studies suggest that FADD signaling does not lead 
exclusively to cell death in thymocytes. This, in turn, suggests 
that FADD-independent pathways from death domain-con- 
taining TNFRs activate caspases in negative selection. Adapter 
molecules such as RIP, RAIDD, and Daxx have been shown to 
interact with the CD95 death domain, thereby activating a 
caspase cascade leading to apoptosis (15, 55). It is possible that 
these cytoplasmic signaling molecules also transduce DR3- 
mediated signals in thymocytes. A recent study has, however, 
failed to support a role for caspase activity in negative selec- 
tion. In this study, mice expressing an inhibitor (p35) of 
caspase activity in thymocytes showed unimpaired negative 
selection (14). However, an independent study, using an iden- 
tical strategy, revealed a reduction of negative selection upon 
inhibition of caspase activity (21). Therefore, the role of 
caspases in thymocyte negative selection remains unresolved. 

The observation that DR3-null mice exhibit a partial impair- 
ment of negative selection can be interpreted within a model in 
which several different surface molecules act in concert to 
control the removal of autoreactive thymocytes (23). Accord- 
ing to this model, disruption of a single surface receptor or 
signal transduction pathway would not be expected to result in 
a complete block in negative selection, a prediction that is 
observed in practice. The age dependency of the negative se- 
lection defect in DR3-null mice in H-Y TCR-transgenic mice 
may be due to developmental regulation of the ligand(s) for 
DR3 or, alternatively, to the developmental stage at which 
deletion occurs in the H-Y TCR model which is likely to be at 
the DN stage or in the transition from DN to DP thymocytes. 
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Thus, the relative importance of a particular deletional mech- 
anism may vary with age or with the stage of thymocyte devel- 
opment at which deletion of a particular TCR occurs. 

Despite the impairment of negative selection in DR3-nuIl 
mice, there were no signs of autoimmunity in these mice as 
indicated by the presence of DNA autoantibodies, nor was 
development of autoimmunity significantly accelerated on an 
Ipr (Fas mutant) background (unpublished data). Further- 
more, several other forms of apoptosis were unaffected. There 
was no difference in the rate of spontaneous cell death of 
thymocytes in culture or of the rate of apoptosis of thymocytes 
or T cells after treatment with glucocorticoids, DNA-damaging 
agents, or anti-Fas in the presence of protein synthesis inhib- 
itors. Moreover, no difference in endogenous superantigen- 
mediated deletion of T cells was detected. This observation is 
consistent with the analysis of other transgenic models with 
defects in negative selection. For example, CD30-null mice (2) 
and mice lacking expression of the helix-loop-helix inhibitor 
protein Id3 (38) have impaired negative selection, but T cells 
specific for endogenous superantigens are efficiently deleted. 
Conversely, the antiapoptotic protein Bcl-2 inhibits multiple 
forms of apoptosis but not endogenous superantigen-induced 
negative selection in thymocytes (43), although bcl-2 transgenic 
mice have impaired negative selection when tested on a TCR 
transgenic background (45, 54). Taken together with the 
present study, these data suggest that there are qualitatively or 
quantitatively distinct cell death programs that operate at dif- 
ferent stages of T-cell development to ensure effective central 
tolerance. 
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Signal Transduction by DR3, 
a Death Domain-Containing Receptor 
Related to TNFR-1 and CD95 

Arul M. ChinnaiyarV Karen O'Rourke,* Guo-Liang Yu,* 
Robert H. Lyons, Manish Garg, D. Roxanne Duan^ Lily Xing, 
Reiner Gentz, Jian Ni,t Vishva M. Dixitti 

Tumor necrosis factor receptor-1 (TNFR-1) and CD95 (also called Fas or APO-1) are 
cytokine receptors that engage the apoptosis pathway through a region of intracellular 
homology designated the "death domain." Another death domain-containing member 
of the TNFR family, death receptor 3 (DR3), was identified and was shown.to induce both 
apoptosis and activation of nuclear factor kB. Expression of DR3 appears to be restricted 
to tissues enriched in lymphocytes. DR3 signal transduction is mediated by a complex 
of intracellular signaling molecules including TRADD, TRAF2, FADD, and FLICE. Thus, 
DR3 likely plays a role in 'regulating lymphocyte homeostasis. 



Apoptosis, or programmed cell death, is a 
physiologic process essential to the normal 
development and homeostasis of multicel- 
lular organisms (J). Derangements of apo- 
ptosis contribute to the pathogenesis of sev- 
eral human diseases including cancer, neu- 
rodegenerative disorders, and acquired im- 
munodeficiency syndrome (2). CD95 and 
TNFR-1 (3) are both members of the 
TNFR family that also includes TNFR- 2, 
low-affinity nerve growth factor receptor 
(NGFR), CD40, and CD30 (4). Family 
members are defined by the presence of 
cysteine-rich repeats in their extracellular 
domains, but CD95 and TNFR-1 also share 
a region of intracellular homology, desig- 
nated the "death domain/' which is distant- 
ly related to the Drosophila suicide gene 
reaper (5). Activation of CD95 recruits the 
Fas-associated death domain-containing 
molecule FADD (also called MORTl) (6), 
which in turn binds and presumably acti- 
vates the FADD -like ICE (FLICE; also 
called MACH1), a member of the mterleu- 
kin 1 ^-converting enzyme (ICE) family of 
proapoptotic proteases (7). Although the 
central .role of CD95 is to trigger apoptosis, 
TNFR -1 can signal an array of diverse bio- 
logical activities, many of which stem from 
its ability to activate nuclear factor kB 
(NF-kB) (8). Accordingly, TNFR-1 recruits 
the multivalent adapter molecule TRADD 
(TNFR-1 -associated death domain pro- 
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tein), which like FADD also contains a 
death domain (9, JO). Through its associa- 
tions with a number of signaling molecules, 
including FADD, TRAF2 (TNFR-associat- 
ed factor-2), and RIP (receptor interacting 
protein), TRADD can signal both apoptosis 
and N-F-kB activation (JO, J J ). . 

To identify additional receptors, we 
searched an expressed sequence tag (EST) 
database (7, 12) for clones with homology 
to both the extracellular cysteine-rich do- 
main and the intracellular death domain 
of TNFR-1 and CD95. A compilation of 
two clones fulfilled the search criteria: 
HTTBN61, from a human testes tumor 
library, had homology to the cysteine-rich 



domain, and HSAV045, from a human 
anergic T cell library, had homology to the 
death domain. Clone HSAV045 con- 
tained sequence identical to the 3' end of 
HTTBN61, which was not full-length. To 
obtain a full-length coding sequence, we 
screened a human umbilical vein endothe- 
lial cell (HUVEC) library with a cDNA 
insert obtained from clone HTTBN61 . Two 
independent clones were obtained contain- 
ing an open reading frame encoding a pro- 
tein of 417 amino acids that exhibited a 
predicted domain structure for a cell surface 
receptor (Fig. 1). Residues -r 1 to -f201 
constitute a cysteine-rich extracellular do- 
main, with 28 cysteine residues and two 
potential sites for N-glycosylation (Asn-X- 
Ser/Thr). Tne middle of the molecule con- 
tains a stretch of 23 uncharged amino acids 
extending from Trp 202 to Tyr 22 *, then a 
basic amino acid (Arg 225 ) characteristic of a 
transmembrane-spannmg domain. The pu- 
tative cytoplasmic domain comprises the 
remaining 192 amino acids. 

Alignment of the predicted amino acid 
sequence of the clone with TNFR-1 and 
CD95 (Fig. 1) showed that the three mol- 
ecules share significant homology in both 
the extracellular and intracellular domains. 
Like all members of the TNFR superfamily, 
the isolated clone contained characteristic 
cysteine repeats in its extracellular ligand- 
bindmg domain. The identity of the cys- 
teine-rich subdomains of the clone with 
those of TNFR-1 and CD95 was 26% and 
22%, respectively, consistent with the 20 to 
30% identity reported for the known TNFR 
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Fig 1 Sequence analysis of DR3 (nucleotide sequence is available througn GenBank accession 
number U72763) and sequence homology of the DP.3 extracellular domain (residues 3 to 191) ana 
intracellular death domain (residues 346 to 408) with the cell oeath receotors CD95 and TNFR-1 . In the 
deduced amino acid sequence of the DR3 protein product, the putative signal peptide and transmem- 
brane domain are single- and double-underlined, respectively. Alignments were done with Megalign 
(DNASTAR) software Shading denotes consensus identical residues. The asterisk indicates a critical 
amino acid conserved in many death domains, mutation of which leads to inactivation of the receptor 
and the ipr phenotype in the case of CD95 (27). Aobreviations for the amino acid residues are as follows: 
A, Ala; C, Cys; D. Asp; E, Glu; F, Phe; G. Gly; H, His; 1, He; K, Lys: L, Leu; IV,, Met; N, Asn; P, Pro; Q. Gin; 
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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amity members. The clone contained sie- 
t it icant homology to the death domains of 
"NFR-1 (47% identity) and CD95 (23% 
denary). Thus, the clone was designated 
! --^h receptor 3 (DR3). 

o determine the distribution of the 
JK3 transcript, we subjected various tissues 
o Northern (RNA) blot analysis. Expres- 
lon of DR3 was detected in tissues en- 
iched in lymphocytes, including peripheral 
)lood leukocytes (PBLs), thymus, spleen, 
:olon, and small intestine (Fig. 2). DR3 was 
lot detected in any of the other tissues (Fig. 
'). In contrast, TNFR-1 is ubiquitously ex- 
pressed and CD95 is expressed in lympho- 
:vtes, liver, heart, lung, kidney, and ovary 

is): 

In vitro and in vivo binding studies 
vere undertaken to investigate DR3 sig- 
naling pathways. As an initial screen, 
ieath domain-containing adapter mole- 
:ules such as FADD, TRADD, and RIP 
*ere in vitro translated and precipitated 
-vith various glutathione-S-transferase 
!GST) fusion proteins immobilized on 
^lutathione-Sepharose beads (Fig. 3A). As 
predicted (6, 9), FADD associated with 
;he GST-Fas cytoplasmic domain, whereas 
TRADD associated with the GST- 
TNFR-1 cytoplasmic domain (Fig. 3A). 
3ST-TNFR-1 also weakly interacted with 
RIP. GST-DR3 associated specifically 
with TRADD but not with FADD or RIP 
3 A), and a truncated death domain 
ant of DR3 (GST-ADR3) did not in- 
teract with TRADD. To demonstrate the 
association of DR3 and TRADD in vivo, 
we transiently transfected 293 human em- 
bryonic kidney cells with plasmids that 
direct the synthesis of Myc epitope-tagged 
TRADD (myc-TRADD) and Flag epitope- 
tagged DR3 (Flag-DR3), Flag-TNFR-1, or 
mutants (Fig. 3B). In a manner consistent 
with the in vitro binding results, TRADD 
specifically coprecipitated with DR3 and 
TNFR-1, but not with the death domain 
mutants, ADR3 and ATNFR-1 (Fig. 3B). 




Thus, DR3, like TNFR-1, may activate 
downstream signaling cascades by recruiting 
the adapter molecule TRADD. This result 
was expected because the death domains of 
DR3 and TNFR-1 have high homology 
(47% identity), whereas other death do- 
main-containing molecules share 20 to 
30% identity (3). 

Overexpression of TRADD induces ap- 
optosis and NF-kB activation, two of the 
most important activities signaled by 
TNFR-1 (9). Upon oligomenzation of 
TNFR-1 by tnmenc TNF, TRADD is re- 
cruited to the receptor signaling complex 
(JO). TRADD can then bind TRAF2 (M), 
RIP (15), and FADD (6). Thus, we deter- 
mined wh ether RIP, TRAF2, and FADD 
could be coimmunoprecipitated with DR3. 
In 293 cells expressing DR3 and RIP, only a 
weak association could be detected between 
the two molecules (Fig. 3C). However, in 
the presence of TRADD, RIP association 
with DR3 was enhanced (Fig. 3C). Like- 
wise, little TRAF2 directly coprecipitated 
with DR3 in 293 cells. However, when DR3 
and TRAF2 were expressed in the presence 
of both TRADD and RIP (both of which 
can bind TRAF2), enhanced binding of 
TRAF2 to DR3 could be detected (Fig. 
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Fig. 2. Expression of DR3. Human adult tissue 
Northern blots (Ciontech) containing 2 p.g of poly- 
aaenylateci RNA were probed with DR3 cDNA. 
P3Ls f peripheral blood leukocytes. The .blot was 
'•equentiy probed with p-actin cDNA. Heart 
skeletal muscle contain two forms of p-actin. 
Numbers at right denote kilobases. 




3D). A simitar association between FADD 
and DR3 was also observed. In the presence 
of TRADD, FADD efficiently coprecipi- 
tated with DR3 (Fig. 3E). 

FADD can recruit the ICE-like protease 
FL1CF to the CD95 death-inducing signal- 
ing complex (7). To determine whether 
FL1CE can associate with TNFR-1 and 
DR3, we carried out coprecipitation exper- 
iments in 293 cells. FlJCE formed complex- 
es with TNFR-1 and DR3 (Fig. 3F). Co- 
transfection of TRADD, FADD, or both ■ 
failed to enhance the FL1CE-TNFR-1 or 
FL1CE-DR3 interaction (J 6), which sug- 
gested that endogenous amounts of these 
adapter molecules were sufficient to main- 
tain association. 

Overexpression of CD95 and TNFR-1 
in mammalian cells mimics receptor acti- 
vation (7); thus, we used this approach to 
study the functional role of DR3. Ectopic 
expression of DR3 in MCF7 breast carci- 
noma cells and 293 cells induced rapid 
apoptosis (Fig. 4, A to C). The cells dis- 
played morphological alterations typical of 
cells undergoing apoptosis, becoming 
rounded, condensed, and detaching from 
the dish (Fig. 4A). In MCF7 cells, plas- 
mids encoding full-length DR3 or ADR3 
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Fig 3 Intracellular signaling molecules used by DR3. (A) In vitro screen for deatn domain-containing 
adapter molecules that bind to the cytoplasmic domain of DR3 (22). In vitro translated 3£ >S-labeled RIP, 
TRADD and FADD were incubated with glutathione beads containing GST alone or GST fusions of the 
cytoplasmic domain of Fas, TNFR-1 , DR3{21 5-393), or ADR3(21 5-321 ). After the beads were washed 
retained proteins were analyzed- by SDS-PAGE and autoradiography. The gel was Coomass.e- stained 
to monitor equivalency of loading. (B) TRADD associates with DR3 in vivo. 293 cells were transfected 
with the indicated expression constructs for Ftag-DR3, Flag- ADR3(1 -321), Flag-TNrR- 1 . Fiao-ATNFn- 
l or myc-TRADD (23) After 24 to 32 hours, extracts were prepared and immunoprecipitated with a 
control mAb (C) or Fiag mAb (aFiag) (131 Kodak). Protein immunoblot analysis indicated that the amount 
of myc-TRADD and death receptor expression was similar in all samples. Coprecipitatmg myc-TRADD 
was detected by immunoblottino with horseradish peroxidase <HRP)-conjugated anti-Myc (Boehnnger 
Mannheim) (C) TRADD enhances association of RIP with DR3. 293 cells were transfected and immu- 
nopreciDitated as in (B). Coprecipitating myc-RIP and myc-TRADD were detected by immunoblotting 
with HRP-conjuaated anti-Myc. (D) TRADD enhances association of TRAF2 with DR3. 293 celts were 
transfected and immunoDrecipitated as in (B). Coprecipitating TRAF2 was detected by immunoblotting 
with anti-TRAF2 (E) Coimmunoprecipitation of DR3-TRADD- FADD complexes. 293 cells were trans- 
fected and immunoprecipitated as in (B). Coprecipitating AU1 epitope-tagged FADD was detected by 
immunoblotting with anti-FADD. (F) FLICE coimmunoprecipitates with DR3 and TNFR-1. As in (B), 
except immunoblotted with anti-pi 0 subunit of FLICE. 
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ADR3 

Fig. 4. DR3 signals apoptosis and activates NF- 
kE. (A) Ectopic expression of DR2 induces apo- 
ptosis in MCF7 cells. DR3 or ADR3 was cotrans- 
fected with the pLantern expression construct 
(GiDC0-3RL), which encodes green fluorescent 
protein. Cells were visualized by fluorescence mi- 
croscopy using a fluorescein isothiocyanate range Parrier filter cube. Nu- 
clei of Transfected cells were visualized by DAPI staining and the image 
overlaid. Arrows indicate representative nuclei. (B) Apoptosis in MCF7 cells 
is inhibited bv z-VAD-fmk (10 ixM), FADD-DN (dominant negative), and 
CrmA. MCF?'cells or cells stably expressing CrmA (7 7) or FADD-DN (78) 
were transiently transfected with pCMV-p-galactosidase in the presence 
of a 10-fold excess of vector alone or expression constructs encoding 
DR3/ADR3, TNFR-1 , or ATNFR-1 (24). The data (mean - SD) are tne 
percentage of round blue cells as a function of the total number of blue 



MCF7 - MCF7- MCF7- 
2-VAD- FADD- CrmA 
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cells counted {n = 3). (C) DR3-induced apoptosis in 293 cells is blocked by 
FLICE -DN/MACHa 1 (C360S) (7) and CrmA. The data (mean ± SD) are the 
percentage of round blue cells as a function of the total number of blue 
cells counted (n = 3). (D) DR3 induces NF-k3 activation, which is inhibit- 
able by RIF-DN (7 5) and TRAF2-DN (7 0, 14). 293 cells were cotransfected 
with the indicated molecules and an NF-kB luciferase reporter piasmid 
(14), and luciferase activities were then determined (25). Results are from a 
representative experiment performed in duplicate three independent times 
(mean ± SD). 



were cotransfected with the pLantern re- 
porter construct encoding green fluores- 
cent protein (Fig. 4A). Nuclei of cells 
transfected with DR3, but not wi th ADR3, 
exhibited apoptotic morphology as as- 
sessed by 4\6'-diamidino-2-phenylmdole 
(DAPI) staining (Fig. 4A). DR3-mduced 
apoptosis was blocked by two inhibitors of 
ICE-like proteases, CrmA and z-VAD-fmk 
(Fig. 4, A to C), that also block apoptosis 
induced bv TNFR-1 and CD95 (7, 17). 
Apoptosis induced by DR3 was also 
blocked by dominant negative versions of 
FADD (FADD-DN) or FLICE (FL1CE- 
DN), which inhibit death signaling by 
CD95 and TNFR-1 (7, JO, 18). Thus, 
FADD and the ICE-like protease FLICE 
are likely necessary components of DR3- 
mduced apoptosis. 

Because DR3 activation recruits three 
molecules implicated in TNF-induced NF- 
kB activation, we examined whe ther DR3 
could activate NF-kB. Transfection of a 
control vector or expression of CD95 did 
not induce NF-kB activation. In contrast, 
NF-kB was activated by ectopic expression 
of DR3 or TNFR-1, but not by the inactive 
signaling mutants ADR3 or ATNFR-1 (Fig. 
4B). DR3 -induced NF-kB activation was 
blocked bv dominant negative derivatives 
of RIP (RIP-DN) and TRAF2 (TRAF2- 
DN), which block TNF-induced NF-kB ac- 
tivation ( JO, i J ). As expected, FADD-DN 
did not interfere with DR3 -mediated NF- 
kB activation (JO, J 8). 

The identification of DR3 has added a 
third cell death receptor to the TNFR fam- 
ily. Its expression pattern suggests that DR3 
may participate in lymphocyte homeostasis. 
None of the currently known ligands for 
these receptors [FasL, TNF, and TRAIL 



(TNF-related apoptosis-inducing ligand) 
( ]9)] bind to DR3 (J 6). In addition, it is 
unlikely that TRAIL serves as the ligand for 
DR3; TRAIL- induced apoptosis is not 
blocked by FADD-DN (20), which suggests 
that it uses an alternate death signaling 
pathway- It is also unclear whether TRAIL 
activates NF-kB. The identification of the 
DR3 ligand and targeted disruption of the 
DR3 gene will allow for a greater under- 
standing of the physiologic role of DR3. 
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Two isoforms encoding the full-length transmem- 
brane death receptor 3 (DR3) were isolated from 
mRNAs of a panel of human cell lines and tumor tis- 
sues obtained from patients with follicular non-Hodg- 
kirVs lvmphoma. A new DR3 variant was char- 

acterized by 2 insertions of respectively 20- and 7 -base 
pairs (bp) which result in a predictive translated poly- 
peptide differing from the described DR3 molecule by 
a 2S amino-acid stretch in the extracellular domain. 
DR3 was shown to be expressed in all cell lines and 
lymphoma samples tested, whereas DR3/3 expression 
was restricted to lymphoid T-cell and immature B-cell 
lines and to selected cases with follicular lymphoma. 
These data provide new insight into the molecular het- 
erogeneitv of DR3, suggesting the presence of several 
receptor isoforms that can participate in lymphoid cell 

homeostasis. © 19»S Academic Press 



The tumor necrosis factor (TNF) receptor family 
members are type I membrane molecules : structurally 
homologous, containing three to six cy stein-rich re- 
peats of 40 residues in its extracellular domain (1). The 
cytoplasmic domain generally lacks sequence homol- 
o'oy with the exception of a motif called the "death 
domain" found in type I TNF-receptor (p55), Fas, and 
death receptor (DR)-3, -4 and -5. The binding of ligands 
to their respective receptors induces oligomerization 
which initiates downstream signaling events resulting 
in NF-kB activation or apoptosis (2). Although DR3 S 
also called WSL-1. Apo-3, TRAMP ; or LARD, can signal 
both these cellular effects, it does not interact with any 
of the known apoptosis-inducmg ligands of the TNF 
family (3-7). The expression of DR3, is more tightly 
regulated than the other death receptors as it was 
found predominantly on lymphocytes. This restricted 
expression pattern suggests that DR3 plays a specific 
role in lymphoid cells development, and function. Alter- 
native pre-mPJ\A splicing generated isoforms, includ- 
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ing one membrane anchored and several soluble mole- 
cules, have been described and may participate m these 

functions (7). • . 

In the present study we have cloned a new DRo iso- 
form differing from the transcript encoding the full- 
length receptor by 20- and 7-bp insertions, that we have 
called DR3/3. The predictive translated products of 
DR3/5 consisting in 426 amino-acids (aa) and DR3 con- 
sisting in 417 aa have identical intra cytoplasmic and 
transmembrane domains but differ in their extracellu- 
lar domain bv 28-aa. Both transcripts are differently 
expressed m human cell lines and lymphoma tissues. 
This data provides new insight into the molecular het- 
erogeneity of DR3 that may result in a complex regulat- 
•ing°system of normal and malignant lymphocyte death. 

MATERIAL AND METHODS 

Cell samples. A panel of human cell lines, including two early 
pre-B acute lymphoblastic leukemia (Mielik. (8) and Reh from the 
Liencan ^pe Culture Collection (ATCC) . Baekvi e. MD>, a mature 
B-cell lvmphoma (RL, kindly provided by Dr. Walter J. Urba, Port- 
land OR) a T-cell leukemia (Jurkat, ATCC) and a Histiocytic 
hTnohoma'(U-937. ATCC) as well as tumor tissue samples oDtamed 
from 11 newlv diagnosed follicular lymphoma patients were tested 
for the expression of DR3 isoforms. Total RNA from cell line suspen- 
sions and IvmpVnode homogenates was isolated by a single-step 
method of acid guanidium thiocyanate-phenol-chloroforrn «:trBCtaon 
Genomic DNA decontamination procedure and first strand cDJNA 
synthesis were performed as previously described (9j 



Cloning and sequencing of DR3 isoforms. PCR amplification with 
the use of primer pairs FA (GCCCCTTGCACGGAGCCCTG) anc Rl 
(GCGATCTCAGCCAAACTCCG) resulted in the amplification oi sev- 
eral transcripts that corresponded in size to the full DR3 messenger 
and it- directlv snhced versions missing exon 3 and 2 m all samples 
whereas an additional band was present in some samples (not 
shown) Both the full-length DR3 and the variant DK3/3 were purified 
from the * e l cloned and sequenced, and were further characterized 
bv the use of isoform-specific primers (Figure 1). The primer pairs 
pi (CTG^AGGCGGAACCACGACG) and R2 (GGACCCAGAACATC- 
TGCCTC) and Fl - R3 (GAACACACCTACTCTGCCTC) were usee 
m amolifV the 5' terminus of both the original and DR3 variant 
seuuTncec r e S pectively.The pnmer pairs F2 (GAGGCAGATGTTCT- 
GGGTCC; and Rl (GCGATCTCAGCCAAACTCCG) and F3 (GAGG- 
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CAGATGTTCTGGGTCC ) - Rl were used to amplify respectively 
their 3' ends (Figure 3) After heating at 95°C for 10 mm, PGR 
reactions were carried out for 36 cycles, each consisting in sequential 
„ steps of denaturation (95°C for 60 seconds), annealing (62°C for 60 

seconds), and extension (72°C for 60 seconds). After the last cycle, 
extension phase was prolonged for 9 minutes at 72°C. Both overlap* 

< ping 5' and 3 ' PCR-amplified fragments of each transcript were used 
as templates for cloning and sequencing as previously described (9). 
Three independent clones for each fragment were sequenced in both 
directions to avoid errors resulting from the possible mutations 

: caused by Tag polymerase. Nucleotide sequence alignments and the 

< computerisation of protein characteristics were performed using 
BlastN and ProtParam tools of the National Center for Biotechnology 
Information and ExPASy Web servers. 

PCR analysis of DR3 isoforms' expression. To determine the dis- 
tribution of both DR3 isoforms, human. cell lines and lymphoma tu- 
mor tissues were subjected to RT-PCR analysis. To normalize the 
amount, of am plifiable cDNA in each sample, we used glyceraldehyde- 
3-phosphate dehydrogenase (G3PD) primers and primers specific for 

* a given DR.3 isoform in the same PCR reaction mixture (9). PCR was 
started with the primers specific for the original (F4-R2) or DR3 

4 variant (F4-R3) sequence, and after the first 11 cycles of amplifica- 

tion, specific primers for G3PD were added. The PCR products were 
resolved on ethidium bromide-stained 1.5 % agarose gel, and UV- 

< photographed. 

RESULTS . 

Sequencing of DR3 and DR3j3 transcripts. RT-PCR 
performed with F4-R1 primers' pair showed the pres- 
ence of cDNA fragments representing the full-length 

* DR3 cDNA and its directly spliced versions missing 
exon 3 and 2 in all cell lines and lymphoma samples 

< tested as well as an additional variant form expressed 
in several cases (not shown). PCR-amplified fragments 

i representing the full-length transmembrane DR3 and 

additional transcripts were purified from the gel, 

j cloned and sequenced, and were further characterized 

by the use of isoform -specific primers (Figure 1). The 
PCR-amplified products obtained by the use of F1-R2 
and F2-R1 primers corresponded to the original cDNA 
sequence encoding the full-length transmembrane 

* DR3, and shared identical expression pattern in the 
tested samples as previously demonstrated by the use 

\ of F4-R1 primers (not shown). The PCR-amplified 

product obtained by the use of F1-R3 primers' pair 

< corresponded to the 5' cDNA terminus of DR3 differing 
from the original molecule by the presence of two inser- 
tions of respectively 20- and 7-bp (Figure 1). Sequence 
comparison showed that the 20-bp insertion in DR3 
variant (DR3/?) was localized between the nucleotide 
positions 612-613 of the original sequence, and did not 
correspond to any known sequences published in the 

* GenBank database. In contrast, the 7 -bp insertion in 
DR.3 5 corresponded to the first 7 nucleotides of exon 

< 3 which is usually skipped out from the original DR3 
transcript. This insertion was localized between the 

< nucleotide positions 667-668 of DR3 cDNA sequence 
(Figure 1). Following these insertions, the sequence of 

< DR3/5' cDNA matched perfectly with that of the origi- 
nal DR3 molecule. 



As a result, the predictive translated polypeptide of 
DR3/3 consists of 426-aa as compared to 4.17-aa for 
DR3. However, both 20- and 7-bp insertions caused a 
shift in the open reading frame which resulted down- 
stream from the second insertion, in the conservation 
of the original DR3 reading frame until the 3 'end, in- 
cluding the same stop codon (Figure 1). Therefore, both 
polypeptides have identical aa compositions within in- 
tracytoplasmic and transmembrane domains, but they 
differ by 28-aa (including the 9 newly encoded aa) in 
the proximal part of their extracellular domain. 

Several PCR. cloning, and sequencing experiments 
from distinct cell lines and patients' samples were per- 
formed, and each showed the same nucleotide se- 
quences. These results indicate the presence of two 
isoforms of the human DR.3 encoding the full-length 
transmembrane receptors (Genbank accession num- 
bers U72763 and AF026070). 

Expression of DR3 and DR3J3 in human cell lines 
and lymphoma tumor tissue. Using internal control's 
primers in the same PCR reaction mixture containing 
specific primer pairs for DR3 (F4-R2) or DK36 (F4-R3), 
we determined the distribution of both transcripts in 
a panel of human lymphoid cell lines and tumor tissues 
obtained from patients with lymphoma (Figure 2). 
Whereas DR3 was abundantly expressed in all cell 
lines and ljTnphoma samples tested, DR3/? expression 
had a more restricted expression pattern (Figure 2), 
DR3/?-specific transcript was present in the early pre- 
B Mieliki and the pre-B Reh cell lines as well as in 
the Jurkat T-cell line, but it was not detectable in the 
mature B-cell RL and histiocytic U-937 cell lines. Only 
6 out of 11 follicular lymphoma samples tested were 
found to be positive for DR3/3. The PCR-amplified prod- 
ucts obtained by the use of DR3 (F4-R2) and DR3/3 (F4- 
R3)- specific primers shared identical expression pat- 
tern in the tested samples as cDNAs amplified by the 
use of F4-R1 primers in preliminary studies (not 
shown). These results indicate that DR3 and DR3/5 
transcripts show- a distinct expression pattern in hu- 
man cell lines and tumor tissues obtained from patients 
with lymphoma. 

DISCUSSION 

Recent findings of genomic organization of human 
DR3 demonstrated that alternative pre-mR.NA splicing 
generates at least 12 distinct isoforms. (7;. The isoform 
missing exon 3 includes the transmembrane and death 
domains, whereas the other isoforms encode poten- 
tially secreted molecules. It has been also suggested 
that all but three DR3 isoforms are generated by the 
skipping of one or more complete exons. Two variants 
had 101- and 200-bp inserted sequences that matched 
to consensus splice sites at their 5' and 3 ' ends, there- 
fore, they probably represented retained introns. The 
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gctacccca 

get. ac cccaeaa cccaggaggcg c tc tgcccg cage 



tagactgegg 
tagactgegg 

•ocacccLaggoaoctoLccagagcgctg^ 

ccccotcccutgcaggaQcaccctggggagci.cjtccagaQcgctgtgc^^ f 

= t c.c..occcctQOtt, C i 9 c.9.toa4ct 9 g9«LW-9^ct^ 

igctLggooccaccctoacct.8CflC6L6Ccgccecigciggc 
acaocgcc^caccc^ctaocacct^ 

acagcucccacacccttctagcacctcctgacagcagtgaaaagatctgcaccgtccagttggtgggtaac.gcLgg.cccc.ggc 

.■r.rnrra^ntccccaa^caoctcoccaoccatQetQCLgcagccgogcccgcsQCtctecci:? 

catggtcctggg-ccagttgcccagc.gagctcLtgyccccgctcg^^ 

carggtcctgggaccagttgcccagcagagctcttggccccgctcgtgcgcccacactctcgccagagtccccagccg. 

n*nat raaaoccatooaQotooagatcgotctcttccgagaccagcagtacgaga tgc 

tcaagcftctggcgccagcagcagcccgcgggcctcggagccgtttacgcggccctggagcgcatGgggcLggacggctgcg.99 9 - - 

_ a . tta'-otcactiattaaoccactogcacgoccctgcaLaogcacBcca 

c.occcacttgccacctaggcgctctggtggc.ccttg^ 

cagcccactlgccacctaoocQctctggtgQcccugcagaaGCCCLBBQUCQgtLacttatgcgtgLaoacauaa , Rl ■ 

FIG 1 Nucleotide sequence of DM (upper line) and DR3/3 (lower line) (GenBank accession numbers U72763 and AT026070. respec 
tive£ LquenceTrnarkel by s^leout .ndfeate rmssxng nucleotides and bold underline marks stop codons. The arrowed bnes mencate .he 



positions and directions of primers used for the PCR and cloning procedures. 



remaining DR3 variant contained three additional nu- 
cleotides probably corresponding to an alternative 3' 
splice site proximal to the one used by the full-length 
DR3 cDNA (7). In the present study we characterized 
a new DR3 isoform (DR3/3), homologous to the DR3 
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FIG. 2. RT-PCR analysis of DR3 and DR3£ expression in a panel 
of human cell lines representing Mieliki, Reh, RL : Jurkat and U-937 
(left panel), and in tumor tissues obtained from 11 newly diagnosed 
follicular lymphoma patients (right panel). To normalize, the amount 
of amplifiable cDNA in each sample, we used G3PD primers and 
primers specific for a given isoform in the same PCR reaction mix- 
ture. The positions of PCR-amplined products are indicated on the 
left side of the figure. 



cDNA encoding the full-length transmembrane recep- 
tor. The sequence of DR3£ differs from the original 
molecule by retaining the first seven nucleotides of the 
described exon 3 and by the insertion of new 20-bp. 
Although both nucleotide insertions result in a shift of 
the original reading frame, this frame is conserved 
after the second insertion until the 3 'end of the mes- 
senger. The predictive translated polypeptide of DR3/5 
corresponds therefore to a new transmembrane, recep- 
tor (426 aa) differing from the original DR3 (417 aa) 
by 2S-aa portion in the extracellular domain. Since the 
20-bp insertion lacks 'consensus splice sites at its 5' 
and 3' ends and the 7 -bp insertion represents a part 
of exon 3. the genomic organization as well as mecha- 
nisms involved m the processing of DR3 mKNAs are 
more complex than previously described (3-7). 

Interestinglv two DR4 isoforms were also recently 
identified as TRlCK2a and TRJCK2b. These tran- 
scripts were found to be expressed in a variety of tis- 
sues and to result, from an alternative pre-mRN A splic- 
ing, differing by a 29-aa extension in the extracellular 
domain (10). It has been shown that DR4 and TRICK 
bind to the same ligand, TRAIL (TNF-related apoptosis 
inducing ligand). Since DR3 and DR3/3 show similar 
diversity, probably DK30 is another full-length trans- 
membrane receptor for lymphoc^yte homeostasis regu- 
lation. DR3 ligand has not yet been identified and 
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whether DR3 and DR3/? have either similar or distinct 
ligands, remains to be determined. 

The close homology between DR3. Fas and TNFRl 
indicate that they may 'share signaling pathways. In 
several recent reports (3-7) the intracellular interac- 
tions of DR3 have been found to resemble more TNFRl 
than Fas, but in contrast to the latter, which are 
broadly expressed, DR3 has a restricted pattern of 
expression to lymphoid tissues. Our data indicates 
that DR3/? ma}- even have more restricted expression. 
Furthermore, the alternative DR3 splicing on lympho- 
cyte subsets and cell lines may set a balance between 
susceptibility and protection from apoptosis (7), since 
unstimulated B or T cells expressed abundantly DR3 
truncated isoforms but very little of the full-length 
DR3 transcript. This splicing pattern reversed after 
cellular stimulation when the full-length DR3 pre- 
dominated, while potentially secreted isoforms were 
reduced (7), indicating that alternative splicing plays 
a key role in the expression of the full-length DR3 
receptor after -lymphocyte activation. Our data shows 
that the expression of DR3 was detectable in all cell 
lines and lymphoma samples tested through RT-PCR 
ana^ses but DR3/3 expression was restricted to early 
B-lymphoid subsets and to some cases of follicular 
lymphoma. This suggests that the "programmed" 
change in DR3 alternative splicing may have func- 
tional effects not only in lymphocyte activation but 
also in lymphocyte differentiation and malignant 
transformation. The expression of a decoy receptor for 
TRAIL in normal tissues but not in tumor cell lines 
as well as the control of TRAIL-induced apoptosis by 
alternatively spliced receptors may confirm this no- 
tion (11). 

In conclusion, our findings emphasize the molecular 
complexity of the DR3 death receptor which expres- 
sion seems restricted to lymphoid cells and therefore 



may play a role in lymphoid cell differentiation and 
function. 

ACKNOWLEDGMENTS 

This stud}- was supported by the Hospices Civils de Lyon - PHRC 
(96.044) and by INSERM (Pans). KW. and P.R. were supported with 
grants founded respectively by .the Fondation de France (Paris) and 
by the European Society for Medical Oncology (ESMO, Lugano). 

REFERENCES 

1. Bazzoni, F., and Beutler, B. (1996) N. Eng. J. Med. 334, 1717- 
1725. 

2. Wallach, D. (1997) Nature 388, 123-126. 

3. Chinnaiyan, A. M., O'Rourke, K_, Yu, G. L., Lyons, R. H., Garg, 
M.. Duan, D. R-, Xing, L., Gentz, R., Ni, J., and Dixit, V. M. 
(1996) Science 274, 990-992. 

4. Kitson, J., Raven, T., Jiang, Y. P., Goeddel, D.V., Giles, KM., 
Pun, K. T., Grinham, C. J., Brown, R., and Farrow, S. N. (1996) 
Nature 384, 372-375. 

5. Marsters, S. A., Sheridan, J. P., Donahue, C. J. ? Pitti, R. M., 
Gray, C. L., Goddard, A. D.. Bauer, R. D., and Ashkenazi, A. 
(1996) Curr. Biol 6, 1669-1676. 

6. Bodmer, J. L., Burns, K_, Schneider, P., Hofmann, K_, Steiner, 
V., Thome, M., Bornand, T. T Hahne, M., Schrbter, M., Becker, 
K.. Wilson, A., French, L. E., Browning, J. L., MacDonald, H. R., 
and Tschopp, J. (1997) Immunity 6, 79-8S. 

7. Screaton, G. R., Xu, X. N., Olsen, A. L., Cowper, A. E., Tan, R., 
McMichael, A. J M and Bell, J. I. (1997) Proc. Natl Acad. Sci. 
USA 94, 4615-4619. 

8. Renard, N., Duvert, V., Matthews, D. J., Pages, M-P., Magaud, 
*]-P., Manel, A-M., Pandrau-Garcia, D., PhiUppe, N., Bancherau, 
J., and Saeland, S. (1995) Leukemic 9, 1219-1226. 

9. Warzocha, K., Renard, N., Chariot, C, Bienvenu, J., Coifner, B., 
and Salles, G. (1997) Biol Biochem. Res. Commun. 238, 273- 
276. 

10. Screaton, G. R., Mongkolsapaya, «)., Xu, X. N., Cowper, A. E., 
McMichael, A. J., and Bell, J. \. (1997) Curr. Biol 7, 693-696. 

11. Sheridan, J. P., Marsters, S. A., Pitti, R. M., Gumey, A_, Sku- 
batch, M., Baldwin, D., Ramakrishnan, L., Gray, C. L., Baker, 
K., Wood, W. 1., Goddard, AD., Godowski, P., and Ashkenazi, 
A. '(1997) Science 277, 818-821. 



379' 



Cell. Vol. 84, 299-308, January 26, 1996, Copyright ©1996 by Cell Press 



TIRABD-TIRAF2 aunxdl TIRADD-FADD DmrtteiraicftDOirDS 
Beta© Two ODStLDDUCtL TMF [Recejpttoo* H 
SogmiaD TiraiirDsdIwcttkDffu PattDuways 



Hailing Hsu, Hong-Bing Shu, Ming-Gui Pan, 
and David V. Goeddel 

Tularik, Incorporated 

270 East Grand Avenue 

South San Francisco, California 94080 



Summary 

Tumor necrosis factor (TWF) can induce apoptosis and 
activate NF-kB through signaling cascades emanating 
from TfMF receptor 1 (TNFR1). TRADD is a TWFR1- 
associated signal transducer that is involved in acti- 
vating both pathways. Here we show that TRADD 
directly interacts with TRAF2 and FADD, signal trans- 
ducers that activate NF-kB and induce apoptosis, re- 
spectively. A TRAF2 mutant lacking its N-terminal 
RING finger domain is a dominant-negative inhibitor 
of TNF-mediated NF-kB activation, but does not affect 
TNF-induced apoptosis. Conversely, a FADD mutant 
lacking its N-terminal 79 amino acids is a dominant- 
negative inhibitor of TNF-induced apoptosis, but does 
not inhibit NF-kB activation. Thus, these two TNFR1- 
TRADD signaling cascades appear to bifurcate at 
TRADD. 

Introduction 

Tumor necrosis factor (TNF) is a proinflammatory cyto- 
kine whose pleiotropic biological properties are signaled 
through two distinct cell surface receptors (reviewed by 
Tartaglia and Goeddel, 1992; Rothe et al. r 1992). TNF 
receptor 1 (TNFR1; 55-60 kDa) and TNFR2 (75-80 kDa) 
are expressed on most cell types and are ~30% identi- 
cal in their extracellular, cysteine-rich, ligand-binding 
regions (Loetscher et al., 1990; Schall et al. ( 1990; Smith 
et al., 1990). This extracellular domain architecture is 
characteristic of the larger TNFR superfamily, whose 
members include the Fas antigen, CD27, CD30, CD40, 
and several other receptors (reviewed by Smith et al., 
1994). With the exception of TNFR1 and Fas, both of 
which can induce programmed cell death through a 
shared ~80 amino acid "death domain" of 28% identity 
(Tartaglia et al., 1993a; Itoh and Nagata, 1993), the cyto- 
plasmic domains of receptors in this superfamily share 
no obvious sequence similarities. 

Until recently, the molecular mechanisms utilized by 
members of the TNFR family to generate cellular re- 
sponses have remained largely undefined. However, 
during the past year an improved understanding of these 
mechanisms has begun to emerge with the identification 
of two distinct classes of receptor-associated proteins, 
both of which appear to couple these receptors to down- 
stream signaling cascades. 

Three intracellular proteins that contain death do- 
mains were identified through yeast two-hybrid interac- 
tion cloning by virtue of their interactions with the death 
domains of TNFR1 and Fas. TRADD is a 34 kDa protein 
that interacts specifically with TNFR1 (Hsu et al., 1995), 



whereas the 23 kDa FADD (Boldin et al., 1995a; Chinnai- 
yan et al., 1995) and the 74 kDa RIP(Stanger etal., 1995) 
interact with Fas. In fact, death domains now appear 
to define interaction domains that are capable of both 
homotypic and heterotypic associations (Song et al., 
1994; Boldin etal., 1995a, 1995b; Hsu etal.. 1995; Chin- 
naiyan et al., 1995; Stanger et al., 1995). These observa- 
tions suggest that death domains may function as adap- 
tors to couple some members of the TNFR superfamily 
(at least TNFR1 and Fas) to other signaling proteins. 

TRADD contains an N-terminal region of unknown 
function and a C-terminal death domain that is 23% 
identical to the death domain of TNFR1. TRADD may 
play an obligatory role in TNFR1 responses, since its 
overexpression activates TNFR1-like signaling path- 
ways for both apoptosis and activation of the transcrip- 
tion factor NF-kB (Hsu et al., 1995). Similarly, overex- 
pression of FADD (Boldin et al., 1 995a; Chinnaiyan et al., 
1 995) or RIP (Stanger et al., 1 995) mimics Fas activation, 
leading to programmed cell death. However, the mecha- 
nisms of signaling by TRADD, FADD, and RIP are not 
identical. Whereas the induction of cell death by TRADD 
or RIP requires only their death domains, apoptosis in- 
duced by FADD overexpression occurs independently 
of its C-terminal death domain. This suggests that FADD 
contains a "death effector" domain at its N-terminus, 
which may bind downstream apoptosis-signaling mole- 
cules for recruitment to Fas via death domain interac- 
tions. 

The second family of signal transducing proteins uti- 
lized by the TNFR superfamily are the TNFR-associated 
factors (TRAFs). TRAF1 and TRAF2 were biochemically 
purified as TNFR2-associated proteins of 45 and 56 kDa, 
respectively (Rothe etal., 1994). TRAF1 and TRAF2 exist 
in a multimeric complex that interacts via TRAF2 with 
the signaling domains of both TNFR2 and CD40 (Rothe 
et al., 1994, 1995). TRAF3 was identified by two-hybrid 
interaction cloning as a CD40-associated protein of 64 
kDa (Huet al., 1994; Cheng et al., 1995; Mosialos etal., 
1995; Sato et al., 1995). The three known TRAFs share 
a highly conserved C-terminal "TRAF domain" of about 
150 amino acids, which is involved in oligomerization 
and receptor association (Rothe et al., 1994, 1995; 
Cheng et al., 1995; Sato et al., 1995). Overexpression of 
TRAF2, but not TRAF1 or TRAF3, activates NF-kB (Rothe 
et al., 1995). Furthermore, a truncated TRAF2 lacking 
its N-terminal RING finger acts as a dominant-negative 
inhibitor of NF-kB activation mediated by both TNFR2 
and CD40 (Rothe et al., 1995). Therefore, TRAF2 is a 
common mediator of signal transduction by TNFR2 and 
CD40 and, perhaps, by other members of the TNFR 
superfamily. 

Two of the most important activities of TNF, apoptosis 
and NF-kB activation, are signaled by TNFR1 following 
its oligomerization by the trimeric TNF (Tartaglia and 
Goeddel, 1992). We recently reported the molecular 
cloning and characterization of TRADD, a novel protein 
that specifically interacts with the death domain of 
TNFR1 and activates signaling pathways for both of 
these activities when overexpressed (Hsu et al., 1995). 



o 



o 



Cell 
300 



IgG oTNF-R1 



TNF 




-TFttDD 



Figure 1. TNF Induces Association of TRADD with TNFR1 
We treated U937 cells (5 x 10 7 ) with TNF for 15 min (lanes 2 and 4) 
or left them untreated (lanes 1 and 3). Cell lysates were immunopre- 
cipitated with anti-TNFR1 monoclonal antibody 985 (lanes 3 and 4) 
or with mouse immunoglobulin G (IgG) control antibody (lanes 1 and 
2). Coprecipitating TRADD was detected by immunoblot analysis 
using rabbit anti-TRADD antiserum. Positions of molecular mass 
standards On kilodaltons) are shown. 



Here we show that under normal conditions the associa- 
tion of TRADD with TNFR1 is TNF dependent We also 
show that TRADD directly interacts with TRAF2 through 
its N-terminal half and with FADD through its C-terminal 
death domain. Furthermore, dominant-negative mu- 
tants of TRAF2 and FADD can block TNF-mediated NF- 
kB activation and cell death, respectively. Taken to- 
gether, these data suggest that TNFR1 utilizes distinct 
TRADD-dependent mechanisms to activate signaling 
pathways for NF-kB activation and apoptosis. 

Results 

Interaction of TRADD with TNFR1 
Is TNF Dependent 

We previously demonstrated that TRADD specifically 
associates with TNFR1 when both proteins are overex- 
pressed (Hsu et al., 1995). To determine whether the 
TRADD-TNFR1 interaction is physiologically relevant, 
we performed the following experiment using human 
U937 cells. Lysates from cells that had been treated 
with TNF for 15 min or left untreated were immunopre- 
cipitated with a nonagonistic monoclonal antibody 
directed against the extracellular domain of TNFR1. 
Coprecipitating TRADD was detected by immuoblot 
analysis using a TRADD-specific polyclonal antiserum. 
TRADD coprecipitated with TNFR1 only in the TNF- 
treated cell lysates (Figure 1). Since TNF induces tri- 
merization of TNFR1, this result suggests that the re- 
cruitment of TRADD to TNFR1 probably depends on a 
properly aggregated TNFR1 cytoplasmic domain. 

Identification of TRAF2 and FADD 
as TRADD-lnteracting Proteins 

To identify potential downstream components of the 
TNFR1/TRADD signaling pathway, we used the yeast 
two-hybrid system (Fields and Song, 1989) to screen 
cDNA libraries for TRADD-interacting proteins. Multiple 
cDNA clones were obtained that encode several distinct 
proteins. As expected, two classes of clones encoded 
TRADD itself or portions of the intracellular region of 
TNFR1. Surprisingly, many of the cDNA clones were 
found to encode portions of TRAF2, a protein that inter- 
acts with TNFR2 and CD40 and transduces the signal 
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Figure 2. Predicted Amino Acid Sequence of Murine FADD 
The amino acid sequences of murine and human FADD are aligned. 
Identical residues are stippled The death domain of FADD extends 
from amino acids 104-177, as indicated by the brackets. 

for NF-kB activation by these two receptors (Rothe et 
al., 1994, 1995). The interaction of TRADD with TRAF2 
was verified in yeast two-hybrid interaction assays using 
full-length TRAF2. TRADD was also found to interact 
strongly with TRAF1, and more weakly with TRAF3, in 
two-hybrid assays (data not shown). 

The two-hybrid screen also yielded cDNA clones en- 
coding full-length murine FADD and the C-terminal 126 
amino acids of murine FADD. The 205 amino acid murine 
FADD shares 73% identity with human FADD throughout 
the region (amino acids 1-177) comprising the effector 
and death domains, whereas the C-terminal ~30 amino 
acids are very poorly conserved (Figure 2). Since FADD 
was originally identified owing to its interaction with 
Fas (Boldin et al., 1995a; Chinnaiyan et al., 1995), we 
compared the relative strength of the TRADD-FADD and 
Fas-FADD interactions in two-hybrid assays. These ex- 
periments indicated that FADD consistently interacts 
10- to 20-fold more strongly with TRADD than with Fas 
(data not shown). 

Since TRAF1, TRAF2, and FADD interact strongly with 
TRADD in two-hybrid tests, we performed coimmuno- 
precipitation assays to test whether these proteins 
might interact in human cells. An expression vector en- 
coding TRADD was transfected alone or with expression 
vectors encoding Flag epitope-tagged TRAF1, TRAF2. 
or FADD into human embryonic kidney 293 cells. Cell 
extracts were immunoprecipitated using a monoclonal 
antibody against the Flag epitope, and coprecipitating 
TRADD was detected by Western blotting with anti- 
TRADD polyclonal antibody. TRAF1, TRAF2, and FADD 
were individually able to coprecipitate TRADD (Figure 3). 



Mapping of TRADD-TRAF2 and TRADD-FADD 
Interaction Domains 

To determine the region(s) of TRADD responsible for 
interaction with TRAF2 and FADD, a series of N-terminal 
and C-terminal TRADD truncation mutants were exam- 
ined in two-hybrid assays (Figure 4A). A C-terminal dele- 
tion mutant of TRADD lacking its entire death domain 
retained TRAF2-binding activity. This demonstrated that 
the TRAF2-binding domain resides in the N-terminal half 
(amino acids 1-169) of TRADD. A further C-terminal 
deletion mutant (TRADD[1-106]) failed to interact with 
TRAF2. In contrast, TRADD interacts with FADD through 
its C-terminat death domain (amino acids 195-312). This 
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Figure 3, In Vivo Interaction of FADD and TRAF Proteins with 
TRADD 

We transfected 293 cells (2 x 10*) with the indicated combinations 
of expression vectors for TRADD and Flag e pi tope-tagged TRAF1, 
TRAF2, or FADD. After 24 hr, extracts were prepared and immuno- 
preci pita ted with an anti-Flag monoclonal antibody. Coprecipitating 
TRADD was detected by immunoblot analysis using polyclonal anti- 
body against TRADD. Positions of molecular mass standards (in 
kilodaltons) are shown. 
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Figure 4. Mapping of T R A DD-T RAF 2 and TRADD-FADD Interaction 
Domains 

(A) Interaction of TRAF2 and FADD with the N- and C-terminal do- 
mains of TRADD, respectively. Expression vectors encoding wild- 
type TRADD or the indicated deletion mutants fused to the GAL4 
DN A- binding domain were cotransformed into yeast Y1 90 cells with 
a GAL4 activation domain-TRAF2 or GAL4 activation domain-FADD 
expression vector. 

(B) The TRAF domain of TRAF2 interacts with TRADD. Expression 
vectors encoding wild-type TRAF2 or the indicated deletion mutants 
fused to GAL4 activation domain were cotransformed into yeast 
Y190 cells with a GAL4 DNA-binding domain-TRADD expression 
vector. The TRAF domain of TRAF2 can be subdivided into two 
parts, a coiled-coil (CC) region and a C-terminal (TRAF-C) region 
(Rothe et al., 1994). Transformation mixes were plated on synthetic 
dextrose plates lacking tryptophan and leucine. Filter assays were 
performed for p-galactosidase activity. Plus signs represent blue 
color development; minus signs indicate no color development. 



is the same region of TRADD that is required for interac- 
tion with the death domain of TNFR1 (Hsu et al., 1995). 

Deletion studies on TRAF2 indicate that its TRAF-C 
domain (amino acids 348-501) was sufficient for TRADD 
binding (Figure 4B). Previous studies had shown that 
the entire TRAF domain (amino acids 264-501 ) of TRAF 2 
can self-associateand interact with TRAF1, TNFR2, and 
CD40 (Rothe et al., 1994, 1995). 



TRADD Recruits TRAF Proteins to TNFR1 

The interaction of TRADD with TNFR1 and TRAFs occurs 
via its C-terminal death domain and N-terminal TRAF- 
binding domain, respectively. Therefore, TRADD might 
be able to bind simultaneously both TNFR1 and TRAFs, 
thereby recruiting TRAFs to the TNFR1 complex. To 
explore this possibility, we cotransfected 293 cells with 
plasmids that direct the synthesis of TNFR1, TRADD, 
and Flag-tagged TRAF1 or TRAF2. Cell extracts were 
immunoprecipitated with agonistic polyclonal antibod- 
ies against the extracellular domain of TNFR1, and co- 
precipitating TRAF proteins were detected by Western 
blotting with an anti-Flag monoclonal antibody. In ly- 
sates prepared from cells programmed for ectopic ex- 
pression of TNFR1 and TRAF1 or TRAF2, antibody 
against TNFR1 failed to coprecipitate TRAF proteins 
(Figure 5A). This result, which suggests that no direct 
interaction occurs between the TNFR1 and TRAF1 or 
TRAF2, is in agreement with results obtained previously 
by yeast two-hybrid interaction assays (Rothe et al., 
1995). However, when the same experiments were per- 
formed on lysates from cells that also expressed 
TRADD, bothTRAFI and TRAF2 were coimmunoprecipi- 
tated with TNFR1 (Figure 5A). These results provide evi- 
dence that TRADD can serve as an adaptor protein and 
recruit TRAF1, TRAF2, or both to TNFR1. 

Since TRAF2 is capable of interacting with both 
TNFR2 and TRADD, we also considered the possibility 
that TRAF2 could recruit TRADD to the TNFR2 receptor 
complex. This was examined by cotransfection and im- 
munoprecipitation experiments similar to those de- 
scribed above for TNFR1. However, no ternary TNFR2- 
TRADD-TRAF2 complex could be detected (data not 
shown), demonstrating that TRAF2 cannot simultane- 
ously bind to both TNFR2 and TRADD. This finding sug- 
gests that TNFR2 and TRADD, both of which interact 
with the C-terminal TRAF domain of TRAF2 (see Figure 
4B; Rothe et al., 1994), compete for the same, or an 
overlapping, binding site on TRAF2. 



TRADD Enhances Association of FADD 
with TNFR1 

The strong interaction between TRADD and FADD oc- 
curs via their death domains. TRADD also associates 
with TNFR1 through death domain interactions. To de- 
termine whether TRADD can simultaneously interact 
with both FADD and TNFR1 to recruit FADD to TNFR1, 
we performed coimmunoprecipitation experiments. 
FADD coprecipitated with Fas, consistent with previous 
results (Chinnaiyan et al., 1995), whereas no detectable 
FADD coprecipitated with TNFR1 (Figure 5B). In con- 
trast, when TNFR1 and FADD were expressed in the 
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Figure 5. TRADD Recruits TRAF1, TRAF2, and FADD to TNFR1 

(A) Coimmunoprecipitation of TNFR 1-TRADD-TRAF complexes. We 
transfected 293 cells (2 x 10* per 100 mm plate) with the indicated 
combinations of expression vectors for TNFR1, TRADD, Flag- 
TRAF1, or Flag-TRAF2. After 24 hr, extracts were prepared and 
immunoprecipitated with preimmune serum (odd-numbered tanes) 
or with polyclonal antibody against the extracellular domain of 
TNFR1 (even-numbered lanes). Coprecipitating Flag-TRAFI and 
Flag-TRAF2 were detected by immunoblot analysis with anti-Flag 
monoclonal antibody. 

(B) Coimmunoprecipitation of TNFR1 -TRADD-FADD complexes. 
We transfected 293 cells with the indicated combinations of expres- 
sion vectors for Fas, TNFR1, TRADD, Ftag-FADD, TRAF1, and 
TRAF2. Western blotting analysis indicated that Flag-FADD expres- 
sion levels were similar in all samples (data not shown). Lysates 
were immunoprecipitated with preimmune (lanes 1, 3, 5, and 7), 
anti-Fas (lane 2), oranti-TNFRI (lanes 4, 6, and 8) antiserum. Coprec- 
ipitating Flag-FADD was detected with anti-Flag monoclonal an- 
tibody. 



presence of TRADD, FADD could be detected in the anti- 
TNFR1 immune complex. However, even under these 
conditions, the amount of FADD that coprecipitated with 
TNFR1 was less than with Fas. The addition of TRAF1 
and TRAF2 did not inhibit, but rather slightly enhanced, 
the ability of TRADD to recruit FADD to TNFR1 (Figure 
5B). This result shows that TRADD can simultaneously 
recruit TRAF proteins and FADD to TNFR1 . Furthermore, 
these experiments suggest that, whereas TRADD-FADD 
and TRADD-TNFR1 complexes are relatively stable, tri- 
meric TNFR1 -TRADD-FADD complexes may exist only 
transiently or may require other proteins for their stabili- 
zation. 

NF-kB Activation by TNFR1 
Requires TRAF2 

The activation of NF-kB by TNFR2 and CD40 is mediated 
by TRAF2 (Rothe et al., 1995). The presence of TRAF2 



in the TNFR1 complex suggests that it may also be 
involved in signaling TNFR1 responses. However, our 
previous experiments using a dominant-negative muta- 
tion of TRAF2 lacking the N-terminal 86 amino acids 
that comprise the RING finger domain (TRAF2[87-501]) 
failed to demonstrate a role forTRAF2 in TNFR1 -initiated 
NF-kB activation (Rothe etal., 1995). To examine further 
a potential role for TRAF2 in NF-kB activation by TNFR1, 
we selected the 293 cell line, since electrophoretic mo- 
bility shift assays have shown that TNF activates NF-kB 
exclusively through endogenous TNFR1 in these cells 
(Rothe etal., 1995). 

We reasoned that our earlier failure to see an effect 
of TRAF2(87-501) on signaling through endogenous 
TNFR1 might be related to the stability of the TNFR1- 
TRADD-TRAF complex. In those experiments, TNF stim- 
ulation had been performed shortly after transfection, 
perhaps before the newly synthesized TRAF2(87-501) 
could displace endogenous TRAF1/TRAF2 from the 
complex. Therefore, we performed a time course experi- 
ment in which TNF was added at various times following 
TRAF2(87-501) transfection (Figure 6). We found that 
293 cells transfected with a control expression vector 
responded to TNF with an approximately 20-fold in- 
crease in NF-kB reporter gene activity. When TNF stimu- 
lation was performed 16 hr after transfection with the 
TRAF2(87-501) expression vector, NF-kB activation was 
only partially compromised (approximately 7-fold acti- 
vation). However, the inhibitory effect of TRAF2(87-501) 
increased with time. TRAF2(87-501) expression com- 
pletely blocked TNF-induced NF-kB activation (1.2 ± 
0.2-fold activation) when TNF treatment was performed 
48 hr after transfection (Figure 6). Similar results were 
obtained using HeLa cells (data not shown). 

TNF and interleukin-1 (IL-1) elicit many similar biologi- 
cal activities, including NF-kB activation in 293 cells. To 
determine the specificity of the observed TNF-inhibitory 
effect of TRAF2(87-501), we compared the effect of 
TRAF2(87-501) overexpression on NF-kB activation by 
these two cytokines. In a dose-response experiment, 
low levels (0.1 \xg) of TRAF2(87-501) expression vector 
were sufficient to inhibit TNF-induced NF-KB-dependent 
reporter activity significantly, and high levels (3.2 p.g) 
completely blocked activation. In contrast, overexpres- 
sion of TRAF2(87-501) had no effect on IL-1 -mediated 
NF-kB activation (Figure 7). These results provide strong 
evidence that the TRAF2(87-501) dominant-negative 
mutant is inhibiting NF-kB activation in a specific man- 
ner and that TRAF2 plays an important role in TNFR1 
signaling. 



The Apoptotic Pathway Activated by TNFR 1 
Does Not Require TRAF2 

Two important activities of TNF signaled through TNFR1 
are activation of NF-kB and induction of apoptosis. Ov- 
erexpression of the TNFR1 -associated protein TRADD 
can trigger both activities by activating two distinct sig- 
naling pathways (Hsu et al., 1 995). However, overexpres- 
sion of TRAF2 activates NF-kB (Rothe et al., 1995), but 
does not induce cell death (H. H. and D. V. G., unpub- 
lished data), suggesting that TRAF2 may not be an es- 
sential component of the TNFR1 -TRADD apoptotic sig- 
naling cascade. To examine further whether TRAF2 
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Figure 6. The TRAF2(87-501) Dominant-Negative Mutant Specifi- 
cally Inhibits TNF-lnduced NF-kB Activation 

(A) Time-dependent effect of TRAF2(87-501) expression on TNF- 
induced NF-kB activation. We transfected 293 cells {2 x 10 5 ) with 
1 jjig of TRAF2(8 7-501) expression vector or 1 |xg of pRK vector 
control, together with 1 ng of pELAM-luc reporter and 0.5 of 
pRSV-pgal plasmids. At the indicated times following transfection, 
cells were either treated with TNF (20 ng/ml) or left untreated for 
an additional 6 hr. The values indicated (shown as mean ± SEM) 
represent luciferase activities for TNF-treated cells relative to un- 
treated cells for an experiment performed in duplicate. 

(B) Dose response effect of TRAF2(87-501) expression on TNF- 
induced NF-kB activation. We transfected 293 cells (2 x 10 s ) with 
1 p.g of pELAM-luc reporter, 0.5 ^g of pRSV-pgal, and the indicated 
amounts of TRAF2(87-501) expression vector and supplemented 
them with pRK control vector for a total of 4.7 jxg of DNA; 36 hr 
after transfection, cells were treated for 6 hr with 20 ng/ml of either 
TNF or IL-1. Values represent luciferase activities relative to the 
same cells without cytokine treatment and are shown as mean ± 
SEM for representative experiments performed in duplicate. 



contributes to apoptosis, we studied the effect of the 
TRAF2 dominant-negative mutant on TNF-mediated kill- 
ing of HeLa cells, a process which is signaled by TNFR1 
(Tartaglia et al., 1993b). In this assay (Hsu et al., 1995), 
cells are cotransfected with a (3-galactosidase expres- 
sion plasmid. The cells are treated 36 hr later with TNF 
for 12 hr and then scored for cell death. Overexpression 
of TRAF2(87-501) had no protective effect in these 
assays, whereas CrmA, a known inhibitor of TNF-medi- 
ated apoptosis (Tewari and Dixit, 1 995; Enari et al., 1 995) 



completely blocked cell death (Table 1). Taken together, 
these observations strongly support a model for signal- 
ing by the TNFR1 complex in which TRAF2 is dispens- 
able for apoptosis, but essential for NF-kB activation. 

The Death Domain of FADD Inhibits 
TNF-lnduced Apoptosis 

Overexpression of FADD has been shown to induce 
programmed cell death (Boldin et at., 1995a; Chinnaiyan 
et al., 1995). This activity requires only amino acids 
1-117 of FADD (Chinnaiyan et al., 1995). Futhermore, 
a FADD deletion mutant lacking amino acids 1-79 
acts as a dominant-negative inhibitor of Fas-mediated 
apoptosis, demonstrating that the Fas apoptotic path- 
way requires FADD (V. M. Dixit, personal communica- 
tion). Since FADD can directly associate with TRADD, 
we considered the possibility that FADD may also partic- 
ipate in TNF-induced cell death. We examined the effect 
of a deletion mutant of FADD lacking its 79 N-terminal 
amino acids (FADD[80-205]) on TNF-mediated killing of 
HeLa cells. Overexpression of wild-type FADD, but not 
FADD(80-205), was able to trigger cell death in these 
cells, in accordance with previous findings (Chinnaiyan 
et al., 1995). Importantly, FADD(80-205) was a potent 
inhibitor of TNF-mediated apoptosis, blocking cell death 
as effectively as CrmA (Table 1). Similar results were 
obtained using mouse NIH 3T3 cells (data not shown). 

It has been shown previously that overexpression of 
either TRADD (Hsu et al., 1995) or TNFR1 (Boldin et 
al., 1995b) triggers cell death, presumably through an 
aggregation phenomenon that activates a TNFR1 signal- 
ing cascade. However, when 293 cells (Figure 7) or HeLa 
cells (data not shown) were cotransfected with the 
FADD(80-205) expression vector, neither TRADD nor 
TNFR1 overexpression induced cell death. The strong 
dominant-negative effect of FADD(80-205) on cell death 
induced by TNF, TNFR1, and TRADD suggests that 
FADD participates in the apoptotic pathway activated 
by TNF through TNFR1 and TRADD. 

The Death Domain of FADD Does Not Inhibit 
TNF-Mediated NF-kB Activation 

Since FADD(80-205) potently inhibits the TNFR1- 
TRADD pathway that triggers apoptosis, we asked 
whether it might also block the TNFR1-TRADD NF-kB 
activation pathway. In a dose-response experiment, 
FADD(80-205) overexpression failed to inhibit TNF- 
induced activation of an NF-KB-dependent reporter 
gene (Figure 8). In fact, when expressed at high levels, 
FADD(80-205) itself activates NF-kB. However, NF-kB 
activation mediated by TNF was still observed above 
these FADD(80-205)-induced levels. FADD(80-205) also 
failed to inhibit NF-kB activation triggered by overex- 
pression of TRADD or TNFR1 (data not shown). These 
results suggest that FADD does not play a role in the 
TNFR1-TRADD signaling cascade leading to NF-kB ac- 
tivation. 

Discussion 

Recently, several novel proteins have been identified 
that interact with members of the TNFR superfamily to 
initiate intracellular signal transduction events (Rothe et 
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TRAOD TNFR1 TNFR1 Figure 7. FADD(80-205) Inhibits Apoptosis 




Induced by Overexpression of TRADD and 
TNFR1 

We transiently transfected 293 cells (2 x 10 s ) 
with the indicated expression vectors (1 fxg) 
and analyzed them 24 hr later by phase-con- 
trast microscopy. Scale bar is 50 urn. 



al., 1994; Hu et al., 1994; Boldin et al., 1995a; Cheng et 
al., 1995; Chinnaiyan et al., 1995; Hsu et al., 1995; Mo- 
sialos etal., 1995; Sato et al., 1995; Stanger etal.,1995). 
These signaling proteins fall into two structural classes, 
containing either death domains (TRADD, FADD, and 
RIP) or TRAF domains (TRAF1, TRAF2, and TRAF3). The 
death domain-containing proteins are involved in signal- 
ing by TIMFR1 and Fas antigen, two receptors which 
themselves contain death domains. Therefore, death 
domains, in addition to their clear involvement in apop- 
totic signaling, appear to define sequences involved in 
protein-protein interactions. In contrast, the TRAF do- 
main proteins interact with receptors (TNFR2 and CD40) 
that have no recognizable domains or motifs. The results 
of these initial cloning experiments seemed to confirm 
earlier predictions (Dembic et al., 1990; Lewis et al., 
1991; Goodwin et al., 1991) that TNFR1 and TNFR2 
would be found to activate independent and distinct 
signal transduction pathways. 

TRADD interacts with the death domain of TNFR1 to 
initiate distinct signaling cascades for two of the most 
important biological activities of TNF, NF-kB activation 
and programmed cell death (Hsu etal., 1995). Our finding 
that this interaction is TNF dependent suggests that the 
death domains of TRADD and TNFR1 do not interact 
with each other as monomers. Instead, the trimeric TNF 
is likely to induce trimeric or perhaps higher order aggre- 
gates of TNFR1 (Banner et al., 1993) that are stabilized 
by the self-associating death domain of TNFR1 (Song 
et al., 1994; Boldin et al., 1995b). These aggregated 



Table 1. Inhibition of TNF-lnduced Apoptosis of HeLa Cells by 
FADD(8O-205), but Not by TRAF2(87-501) 



Number of Blue Cells per Well 



Expression Vector 



Minus TNF 



Plus TNF 



pRK control 


187 ± 25 


0 ± 0 


TRAF1 


219 ± 12 


0 ± 0 


TRAF2 


249 i 4 


0:0 


TRAF2(87-501) 


226 ± 11 


0 ± 0 


FADD 


9 = 4 


0 ± 0 


FADD(8O-205) 


229 ± 22 


237 ± 15 


CrmA 


266 * 18 


189 - 39 



HeLa cells (2 x 10 s cells per well) were transiently cotransfected 
with pCMV-pgal (0.5 ^g) and 2.5 ng of expression vector for TRAF1 , 
TRAF2, TRAF2(87-501), FADD, FADD(80-205) t or CrmA; 36 hr after 
transfection, cells were treated with 10 |xg/ml cycloheximide with 
or without 20 jig/ml TNF for 1 2 hr. Data (± SEM) are shown as the 
number of blue cells per 35 mm dish for two independent transfec- 
tions. 



TNFR1 death domains would then provide a high affinity 
binding site for TRADD, perhaps itself in a preassociated 
state (Figure 9). 

A yeast two- hybrid screen was performed to identify 
TRADD-interacting proteins as candidate signal trans- 
ducers for the NF-kB and apoptotic pathways. We iso- 
lated several clones encoding TRAF2, a 56 kDa protein 
originally purified through its association with TNFR2 
(Rothe et al., 1994) and later shown to be a common 
mediator of NF-kB activation by TNFR2 and CD40 
(Rothe et al., 1995). Thus, the two known classes of 
signal transducers for the TNFR family, TRAF domain 
and death domain proteins, are capable of direct inter- 
action. We also isolated cDNAs encoding FADD, a death 
domain-containing protein previously shown to interact 
with Fas and to trigger cell death when overexpressed 
(Boldin et al., 1995a; Chinnaiyan et al., 1995). 

TRADD-TRAF2 Interaction and Activation 
of NF-kB 

The identification of a TRADD-TRAF2 complex raised 
the possibility that TRAFs might associate indirectly with 
TNFR1 and TRADD might associate indirectly with 




0 0.1 0.32 1 3.2 

FADD (8O . 205) DNA (^g) 

Figure 8. FADD(80-205) Is Not a Dominant-Negative Inhibitor of 
TNF-lnduced NF-kB Activation 

We transfected 293 cells (2 x 10 s ) with 1 p.g of pELAM-luc reporter, 
0.5 ^9 of pRSV-pgal, and the indicated amounts of FADD(80-205) 
expression vector and supplemented them with pRK control vector 
for a total of 4.7 fig of DNA; 36 hr after transfection, cells were 
treated for 6 hr with 20 ng/ml TNF. Values represent luciferase activi- 
ties relative to vector-transfected cells and are shown as mean ± 
SEM for representative experiments performed in duplicate. 
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TNF 




Protease Activation Kinase 
(ICE-iike) Actiwn£on(?) 



Apopiosis NF-ktB Activation 

Figure 9. A Model for the Activation of Two Distinct TNFR1 Signal 
Transduction Pathways by TNF 

The trimeric TNF induces TNFR1 aggregation, which is stabilized 
by homotypic interactions of the death domain of TNFR1. TRADD 
(perhaps as an oligomer) associates via its own death domain with 
the aggregated death domain of TNFR1 to initiate signaling cas- 
cades for both a po ptosis and NF-kB activation. TRAF2 and FADD 
are TRADD-interacting proteins that define the NF-kB and celt death 
pathways, respectively (see text). 



TNFR2. We found that TNFR1 -TRAF-TRAF complexes 
can indeed exist. Conversely, TNFR2-TRADD-TRAF 
complexes cannot form, presumably because TNFR2 
and TRADD compete for binding to similar sites in TRAF 
domains. These findings were conceptually appealing 
for two reasons. First, both TNFRs are independently 
capable of NF-kB activation (Wiegmann et al., 1992; 
L— greid et al., 1994; Rothe etal., 1994; Hsu etal., 1995) 
and association with TRAF2, a protein whose overex- 
pression leads to NF-kB activation (Rothe et al., 1995). 
Second, of the two TNFRs, only TNFR1 interacts with 
the cell death-inducing protein TRADD (Hsu et al., 1 995), 
and this receptor also exerts a far more dominant role 
in the signaling of apoptosis than does TNFR2 (T artaglia 
et al., 1991, 1993b). 

The role of TRAF2 in TNFR1 signaling was examined 
by expressing TRAF2(87-501), a truncated version of 
TRAF2 lacking its N-terminal RING finger domain. This 
dominant-negative TRAF2 mutant can inhibit NF-kB ac- 
tivation by TNFR2 and CD40 (Rothe et al., 1995). When 
overexpressed in 293 cells, TRAF2(87-501) blocked NF- 
kB activation by TNF, a process that is TNFR1 depen- 
dent. NF-kB activation by the cytokine IL-1 was unaf- 
fected by TRAF2(87-501), demonstrating that TRAF2 is 
not involved in IL-1 signaling. TRAF2(87-501) overex- 
pression also had no effect on TNF-mediated apoptosis. 
This result is consistent with TRAF2 defining a point at 



which the two (or more) TNFR1 -TRADD signal transduc- 
tion pathways diverge. The TRAF2 pathway, which is 
shared with TNFR2, CD40, and probably other members 
of the TNFR superfamily, ultimately would result in NF- 
kB activation. 

On the surface, the results described here would seem 
to contradict our earlier characterization of TRADD dele- 
tion mutants (Hsu etal., 1995). In those experiments we 
showed that a TRADD mutant (TRADD[1 95-31 2]) lacking 
amino acids 1-194 was capable of activating NF-kB 
when overexpressed. This result implied that the N-ter- 
minal 194 amino acids of TRADD, and by inference pro- 
teins such as TRAF2 that bind to this region of TRADD, 
would not be required for NF-kB activation. This appar- 
ent paradox can be explained by the following experi- 
mental result. We have found that the NF-kB activation 
pathway induced by TRADD(1 95-31 2) can be potently 
inhibited by overexpression of the TRAF2(87-501) domi- 
nant-negative mutant (data not shown) and is therefore 
TRAF2 dependent. To date, all TRAF2-dependent path- 
ways for NF-kB activation appear to require TRAF2 ag- 
gregation (Rothe et al., 1995). Therefore, our current 
interpretation of these data is that TRADD(195-315) 
overexpression leads to aggregation of endogenous 
TRADD and its associated TRAF2. 

Many details of the molecular mechanism(s) by which 
TRAF2 activates NF-kB remain a mystery. NF-kB con- 
sists of p50 and p65 subunits that are normally associ- 
ated with the cytoplasmic inhibitor protein IkB (Liou and 
Baltimore, 1993; Beg and Baldwin, 1993). Activation of 
NF-kB by the proinflammatory cytokines IL-1 and TNF 
(Osborn et al., 1 989) results in rapid serine phosphoryla- 
tion and degradation of IkB, releasing NF-kB for translo- 
cation to the nucleus (Beg et al., 1993; Palombeila et 
al. r 1994). The phosphorylation of IkB is thought to be 
the cytokine-regulated step that targets IkB for degrada- 
tion by the constitutive ubiquitin-proteasome pathway 
(Thanos and Maniatis, 1995). In this regard, TNF has 
been shown to activate a TNFR1 -associated serine pro- 
tein kinase activity (VanArsdale and Ware, 1994). If one 
assumes this kinase is required for NF-kB activation by 
TNF, then the essential role of the RING finger domain 
of TRAF2 in NF-kB activation might be to regulate kinase 
activity, recruit the kinase to the TNFR1 signaling com- 
plex, or both. 



TRADD-FADD Interaction and Signaling 
of Apoptosis 

The strong interaction observed between the death do- 
mains of TRADD and FADD suggested the possibility 
that TRADD might be able to recruit FADD to TNFR1. 
Indeed, low levels of FADD were found in the TNFR1 
complex when FADD, TRADD, and TNFR1 were coex- 
pressed, raising the question of whether FADD is in- 
volved in TNFR1 -mediated signaling. 

To address a possible role for FADD in signal trans- 
duction by TNFR1, we examined an N-terminal deletion 
mutant of murine FADD obtained in our two-hybrid 
screen. Expression of FADD(80-205) completely blocked 
cell death induced by TNF treatment, or by overexpres- 
sion of TNFR1 or TRADD, without affecting NF-kB acti- 
vation. The anti-apoptotic activity of FADD(80-205) in 
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these assays was as potent as that of CrmA and much 
more potent than Bcl-2 (Hsu et al., 1995). A similarly 
truncated human FADD acts as a dominant-negative 
inhibitor of Fas-mediated apoptosis (V. M. Dixit, per- 
sonal communication). Therefore, FADD may be a com- 
ponent of the cell death pathways triggered by both 
TNFR1 and Fas. Alternatively, FADD(80-205) may exert 
its dominant-negative effect through titration of an un- 
identified component of the TNFR1 cell death pathway. 
However, high level expression of FADD(80-205) did not 
appear to interfere with TRADD binding to TNFR1 (data 
not shown). 

The signaling of cell death by TNFR1 and Fas is not 
well understood, but considerable evidence suggests 
the apoptotic pathway requires activation of a protease 
cascade that ultimately leads to cleavage of cell death 
substrates (reviewed by Martin and Green, 1995). CrmA 
expression blocks this pathway by directly binding to 
cysteine proteases of the CED-3/interleukin-1(3-con- 
verting enzyme (ICE) family (Tewari and Dixit, 1995; Enari 
et al., 1995; Los et al., 1995). Presumably, FADD(80-205) 
blocks the cell death pathway at a receptor- proximal 
step that precedes protease activation, either by dis- 
placing FADD or by tying up other components required 
to execute the death signal(s). As such, FADD(80-205) 
should be a useful reagent for dissecting apoptotic cas- 
cades initiated by other events. 

Apoptosis mediated by TNFR1 and Fas are similar 
in that both signaling cascades are initiated by death 
domains and end in activation of ICE-like protease(s). 
However, clear differences in these two cell death path- 
ways have been observed (Wong and Goeddel, 1994; 
Schulze-Osthoff et al., 1994). For example. Fas-medi- 
ated cell death occurs much more rapidly than that trig- 
gered by TNFR1 (Clement and Stamenkovic, 1994; Ab- 
reu-Martin et al., 1995). These differences might be due 
to differential contributions from other, non-FADD com- 
ponents of the receptor complexes. It is also possible 
that the greater affinity of FADD for Fas than for TNFR1- 
TRADD observed in our coimmunoprecipitation experi- 
ments might reflect affinity differences under physiologi- 
cal conditions. In turn, the amount of FADD present in 
the respective receptor complexes might correlate with 
potency of the death signal. 



Conclusions 

The demonstration that TRADD interacts with TRAF2 
and FADD, and can recruit both to TNFR1, suggested 
that TRAF2 and FADD may be involved in TNFR1- 
TRADD-mediated signaling. That these interactions de- 
fine two distinct signaling pathways emanating from 
TRADD (Figure 9) is supported by the ability of TRAF2 
and FADD to activate NF-kB and induce apoptosis, re- 
spectively. This hypothesis is further strengthened by 
the effectiveness of dominant-negative mutants at se- 
lectively inhibiting one pathway or the other: TRAF2(87- 
501) blocks NF-kB activation by TNFR1 and FADD(80- 
205) blocks apoptosis. It will now be of great interest to 
identify downstream events in these signaling cascades 
that connect TRAF2 to IkB phosphorylation and FADD 
to cysteine protease activation. 



Experimental Procedures 
Reagents and Cell Lines 

Recombinant human TNF and IL-1 were provided by Genentech. 
The rabbit anti-TNFRI, anti-Fas, and anti-TRADD an ti sera and the 
monoclonal antibody against the Myc epitope tag have been de- 
scribed previously (Tartagtia et al., 1991; Wong and Goeddel, 1994; 
Hsu et al., 1995). Monoclonal antibody 985 against the extracellular 
domain of TNFR1 was provided by Genentech. The monoclonal 
antibody against the Flag epitope was purchased from Kodak Inter- 
national Biotechnologies. The human 293 embryonic kidney (R. 
Tjian), human HeLa derivative HtTA-1 (H. Bujard), human U937 his- 
tiocytic lymphoma (G. Wong), and murine NIH 3T3 fibroblast (Ameri- 
can Type Culture Collection) cell lines were obtained from the indi- 
cated sources. 

Expression Vectors 

Mammalian celt expression vectors encoding TNFR1, TRADD, 
TRAF1, TRAF2, TRAF2(87-501), and CrmA have been described 
previously (Hsu et al. r 1995; Rothe et al., 1995). The expression 
vectors for Fas were provided by Dr. V. Dixit. The full-length FADD 
and FADD(80-205) expression plasmids was prepared by inserting 
a Sall-Notl fragment from the two-hybrid FADD cDNA clones in- 
frame with an N-terminal Flag epitope in the vector pRK5. The con- 
trol expression plasmid pRK5, the NF-kB reporter plasmid pELAM- 
luc, and pCMV-pgal were also described previously (Hsu et al., 
1995). Restriction sites in the TRADD cDNA (Stul, Smal, and Notl) 
were used to obtain deletion mutants of TRADD (amino acids 1-274, 
1-169, and 1-106, respectively). Wild-type and deletion mutants of 
TRADD were cloned into the yeast GAL4 DNA-binding domain vec- 
tor pGBT9 (C Ion tech). Plasmids containing the GAL4 activation do- 
main fused with TRAF2, TRAF2(87-501), and TRAF2(264-501) were 
as described previously (Rothe et al., 1994, 1995). TRAF2(348-501)/ 
GAL4ad was generated by cloning the appropriate coding sequence 
into pPC86. TRAF2(1-358)/GAL4ad was provided by Dr. H. Y. Song. 

Yeast Two-Hybrid Cloning 

The plasmid GAL4bd-TRADD (Hsu et al., 1995), which encodes the 
GAL4 DNA-binding domain fused to full-length TRADD, was used 
as bait in two-hybrid screens of HeLa (Clontech) and mouse fetal 
liver stromal cell (provided by L. Lasky) cDNA libraries. The isolation 
of positive clones and subsequent two-hybrid interaction analyses 
were carried out as described elsewhere (Hsu et al., 1995). DNA 
sequencing was performed on an Applied Biosystems model 37 3A 
automated DNA sequencer. 

Transfections and Reporter Assays 

The 293, NIH 3T3, and HtTA-1 (HeLa) cell lines were maintained in 
high glucose Dulbecco's modified Eagle's medium containing 10% 
fetal calf serum, 100 ^.g/ml penicillin G, and 100 p.g/ml streptomycin 
(GIBCO). For reporter and apoptosis assays, ~2 x 10 s cells per well 
were seeded on 6- well (35 mm) dishes. For coimmunoprecipitations, 
~2 x 10 6 cells per well were seeded on 100 mm plates. Cells were 
transfected the following day by the calcium phosphate precipitation 
method (Ausubel et al., 1994). Luc if erase reporter assays were per- 
formed as described elsewhere (Hsu et al., 1995). 

Coimmunoprecipitation and Western Blot Analysis 
We grew U937 cells (5 x 10 7 ) in RPMI medium containing 10% fetal 
calf serum and 100 ^g/ml each of penicillin G and streptomycin, 
washed them in warm PBS, and incubated them for 1 5 min in the 
presence or absence of TNF (100 ng/ml). Cells were lysed in 1 ml 
of lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCI, 1% Triton X-100, 
1 mM EDTA, 30 mM NaF, 2 mM sodium pyrophosphate, 10 M.g/ml 
aprotinin, 10 ^g/ml leupeptin). Lysates were incubated with 25 ^g 
of monoclonal antibody 985 or mouse IgG for 2 hrat 4°C, then mixed 
with 25 of a 1:1 slurry of protein Gam ma Bind G-Sepharose, and 
incubated for another 2 hr. The Sepharose beads were washed 
twice with 1 ml of lysis buffer, twice with 1 ml of high salt (1 M NaCI) 
lysis buffer, and twice more with lysis buffer. Transfected 293 cells 
from each 100 mm dish were lysed in 1 ml of E1 A buffer (50 mM 
HEPES [pH 7.6], 250 mM NaCI, 0.1% NP-40, 5 mM EDTA). For each 
immunoprecipitation, 0.5 ml aliquots of lysates were incubated with 
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1 of anti-TNFRI or anti-Fas antibody or with 2 p.1 of anti-Flag 
antibody at 4°C for at least 1 hr. The tysates were mixed with 20 pA 
of a 1:1 slurry of protein A- or protein G-Sepharose (Pharmacia) 
and incubated for another hour. The Sepharose beads were washed 
twice with 1 ml of E1 A buffer, twice with 1 ml of high salt (1 M NaCI) 
E1A buffer, and twice again with E1A buffer. The precipitates were 
fractionated on 10% SDS-PAGE and transferred to Immobilon-P 
membrane (Mitlipore). Subsequent Western blotting analyses were 
performed as described elsewhere (Hsu etal., 1995). 

Apoptosis Assays 

Transfected HeLa cells were washed with PBS, fixed in PBS con- 
taining 2% paraformaldehyde, 0.2% glutaraldehyde for 5 min at 4°C, 
and washed again with PBS. Fixed cells were stained overnight with 
PBS containing 1 mg/ml X-Gal, 5 mM potassium ferricyanide, 5 mM 
potassium ferrocyanide, 2 mM MgCI 2 , 0.02% NP-40, 0.01% SDS. 
The number of blue-staining cells was determined microscopically. 
We analyzed 293 cells for apoptosis by phase-contrast microscopy 
24 hr after transfection. 
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IB CeDls from p5(Q)/NF-/KB Kiraockoult Mice Have SeDecttDve 
Defects do PraWeiraiftuOin), Diffeirenltiiatiioini, Geormni-ILDinie C H 
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Clifford M. Snapper/* Piotr Zelazowski,* Fabio R. Rosas,* Marilyn R. Kehry,* Ming Tiam,* 
David Baltimore^ and William C. Sha § 

To better understand the role of NF-kB in normal B cell physiology, we used a purified population of resting B cells from 
p50/NF-icB knockout (p50 -/ ~) mice to determine their ability to proliferate, secrete Ig, express germ-line C H RNA, and undergo 
Ig isotype switching in vitro in response to a number of distinct stimuli. p50 _/ ~ B cells proliferated normally in response to 
dextran-anti-lgD Abs (crS-dex) and membrane-bound, but not soluble, CD40 ligand (CD40L), and they were virtually unre- 
sponsive to LPS when compared with control B cells. p50~ /_ B cells secreted markedly reduced Ig in response to <x8~dex or 
mCD40L in the presence of IL-4 + IL-5, despite their relatively normal proliferative rates, whereas normal Ig secretion was 
restored by the combination of ceS-dex and CD40L. p50 _/ ~ B cells expressed normal steady-state levels of germ-line C H y1 and 
C H a RNA but markedly reduced germ-line C„y3 and C H c RNA upon appropriate stimulation. Although pSO"'" B cells under- 
went substantial switching to IgCI, a marked reduction in the switch to lgG3 and IgE, as well as IgA, was observed. These data 
are the first to demonstrate key, independent roles for p50/NF-»cB in normal B cell maturation to Ig secretion, germ-line C H gene 
activation, and Ig class switching, as well as mitogenesis, and provide a powerful and well-defined in vitro model system for 
studying the role of p50/NF-#cB in a wide range of normal cellular functions. The Journal of Immunology, 1 996, 1 56: 183-1 91 . 



NF-kB is a 
a p50 and 
an inactiv 



i a heterodimeric transcription factor composed of 
\ and p65 subunit, which is constitutively present as 
inactive complex in the cytoplasm of numerous cell 
types because of its linkage to an inhibitor, IkB (for review see 
Refs. I and 2). Cellular activation with a wide range of stimuli 
involved in inflammation and immunity, including LPS, Ag recep- 
tor cross-linkers, CD40 activation, and cytokines, leads to phos- 
phorylation and degradation of the IkB component of the NF-kB 
complex, resulting in translocation of the p50/p65 dimer to the 
nucleus. Subsequent binding of NF-kB in the nucleus to decameric 
kB sequence motifs (5' GGGRNNYYCC 3') associated with the 
promoters/enhancers of a wide array of genes, including IgK light 
chain, cytokines, and MHC class I and class II, is believed to play 
a key role in regulating their transcription in a positive manner. 
The cloning of p50 and p65 led to the identification of the NF- 
KB/rel family of transcription factor subunits (3, 4), which also 
includes c-Rel, RelB, and p52. These polypeptides can interact 
with each other to create different htiterodimeric forms with re- 
sulting differences in binding specificity, function, and interactions 
with other promoter/enhancer binding factors. Utilizing normal B 
cells and B cell tumors, a patterned expression of NF-KB/rel fam- 
ily members during ontogeny and upon activation was reported 
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(5). Thus, pre-B cells express mainly p50 and p65, mature B cells 
express p50 and c-Rel, and plasmacytoma lines or LPS-activated B 
cells express p52 and RelB along with the others. 

Recent studies from Renter and colleagues demonstrated p50 
binding sites within the murine switch (S)y3, S-yl, and Sylb re- 
gions and showed that these sites were nonrandomly associated 
with switch recombination breakpoints (6-8). Thus, the potential 
role of p50 in regulating switch recombination was suggested. Fur- 
ther, p50 binding sites have been demonstrated in the germ-line 
promoters of the C H e gene (Ic) (9), Iy3 (10), ly\, and la, 2 sug- 
gesting that p50 could play a role in regulating germ-line C H tran- 
scription and hence the ability to undergo C H gene rearrangement. 

Despite great advances in elucidating the genetics and biochem- 
istry of NF-KB/rW family members, little is certain about their role 
in cellular activation, proliferation, and differentiation in normal B 
cells. Nevertheless, NF-KB/Rel family members may play a criti- 
cal role in modulating B cell responses based on their induction 
following activation through the membrane Ig or CD40 signaling 
pathways (11-13). Recently, mice with a targeted disruption of the 
p50 subunit of NF-kB (p50~'~) were generated (14). B cells from 
such mice developed normally and expressed equivalent levels of 
membrane-bound (m) 3 IgM and mlgD, as well as MHC class 1 and 
II molecules, relative to wild-type controls, with normal, prefer- 
ential usage of k light chain. However, B cells from p50~ J " mice 
showed a defective proliferative response to LPS, although not 
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scriptase-PCK; s, soluble (e.g., sCD40U; clgM, cytoplasmic IgM. 
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anti-lg, in vitro. Further, unimmunized p50~'~ mice showed vari- 
able reductions in their serum levels of multiple Ig isotypes, al- 
though not IgM, and demonstrated defective production of all Ig 
isotypes in response to immunization with a T cell -dependent Ag. 
Because these in vivo responses reflect interactions between mul- 
tiple immune cell types, and in vitro abnormalities had been iden- 
tified in both B and T lymphocyte responses, we sought to clarify 
the cellular basis for these abnormalities by examining the ability 
of purified resting B cells to undergo B cell maturation and Ig class 
switching under defined in vitro conditions. 

The resting B lymphocyte represents an ideal and extensively 
studied model for determining parameters that regulate all aspects 
of the cellular functional program including activation, prolifera- 
tion, differentiation, and genetic rearrangements. Snapper, Mond, 
and colleagues have developed an in vitro polyclonal system for 
studying B cell Ig synthesis and class switching in response to 
mlg-mediated B cell activation, utilizing dextran-conjugated anti- 
IgD Abs (aS-dex) (for reviews see Refs. 15, 16). With the use of 
this novel conjugate, these investigators completed a series of stud- 
ies that indicated unique interrelationships between distinct B cell 
activators and various cytokines for induction of B cell prolifera- 
tion, differentiation to Ig secretion, Ig class switching, and germ- 
line constant heavy gene (C H ) transcription. In particular they 
demonstrated that different B cell activators such as LPS, «5-dex, 
and CD40L, either alone or in various combinations, engaged 
functionally as well as biochemically distinct signaling pathways 
and furthermore often played a determining role in the functional 
response of the B cell to a given set of cytokines (17-21). To gain 
a better understanding of the role of p50/NF-KB in cellular acti- 
vation, we utilized these distinct in vitro systems to compare pu- 
rified resting B cells from p50~'~ mice with control B cells from 
wild-type and heterozygous littermates for their ability to undergo 
proliferation, differentiation to Ig secretion, germ-line C H gene ex- 
pression, and Ig class switching. In this report, p50/NF-*cB is 
shown for the first time to play key selective and independent roles 
in normal B cell maturation to Ig secretion, C H gene activation, 
and Ig class switching, in addition to milogenesis. 

Materials and Methods 

Mice 

Mice lacking the p50 subunit of NF-kB were originally established from 
p50 +/ " mice of (129/Ola X C57BL/6J)FI background and were subse- 
quently maintained by intercrosses in a specific pathogen-free environment 
(14). To minimize potential contribution*; from differences in background 
genes between C57BL/6J and 129/Ola strains, small resting p50~ /_ and 
control p50 +/ ~ or p50 +/+ B cells were purified from splenocytcs pooled 
from multiple littermates derived from the same matings. Because no dif- 
ferences in B cell responses were observed between p5Q* /Jh and pSO^' - 
cells in our initial experiments, p50 +/_ B cells, derived from p50*'~ X 
p50~'~ matings, were used as control populations in subsequent experiments. 

Culture medium 

RPMI 1640 (Biofluids, Rockville, MD) supplemented with 10% fetal 
bovine serum (Sigma Chemical Co., St. Louis, MO), L-glutamine 
(2 mM), 2-ME (0.05 mM), penicillin (Life Technologies, Grand Island, 
NY; 50 ^tg/ml), and streptomycin (Life Technologies; 50 jig/ml) were 
used for culturing cells. 

Reagents 

HS7I (monoclonal mouse lgG2b (b allotype) anti-mouse IgD (a allotype)) 
and AF3 (monoclonal mouse IgG2a (a allotype) anti-mouse IgD (b allo- 
type)) Abs were purified from ascites. Dextran-conjugated H5 a /1 and AF3 
Abs <r*5-dex) were prepared by conjugation of the respective mAbs, to 
high m.w. dextran (2 X 10 6 m.w.), as previously described (22). The con- 
centration of dextran-conjugated Abs that is noted in the text reflects only 
the anti-lg Ab concentrations and not that of the entire dextran conjugate. 
Recombinant CD8-CD40L fusion protein was constructed and expressed in 
a soluble form as previously described (23) and partially purified from 
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culture supematants by precipitation with ammonium sulfate, and chroma- 
tography over a CM-Sepharose column. Endotoxin levels in purified 
CD8-CD40L were <0.02 ng/ml. mCD40L was prepared from Sf9 insect 
cells infected with a CD40L-containing recombinant baculovirus vector. 
LPS W, extracted from Escherichia coli 01 1 1 :B4, was obtained from Difco 
Laboratories, Inc. (Detroit, MI). Recombinant murine IL-4, 1L-5, IFN-y, 
and human TGF-/32 were kind gifts from Alan Levine (Searle, St. Louis, 
MO), Richard Hodes (National Institutes of Health, Bethesda. MD), 
Genentcch, Inc. (South San Francisco, CA), and Wendy Waegcll (Cel- 
trix Pharmaceuticals, Santa Clara, CA), respectively. The following 
FITC-labeled mAbs were used for flow cytometric analysis: rat IgG I 
anti-mouse IgG! (Zymed Laboratories, South San Francisco, CA), rat 
IgGl anti-mouse IgA and rat lgG2a anti-mouse IgG3 (PharMingen, San 
Diego, CA). Rat IgGl anti-IgE mAb (R1.E4) (24) was purified from 
ascites and conjugated to FITC by a standard protocol. RI.E4 recog- 
nizes an epitope of the IgE molecule that is masked when IgE is bound 
to FceRII; thus R1.E4 recognizes intrinsic, but not cytophilic, IgE and 
can be used without further treatment of cells to quantitate the percent- 
age of B cells switching to IgE. Monoclonal rat IgG2b anti-mouse 
FcyRII (2.4G2) was purified from ascites. Propidium iodide was pur- 
chased from Sigma Chemical Co. Percoll was obtained from Pharmacia 
(Piscataway. NJ). 

Preparation of B cells 

Spleens from age-matched p50 _/ and control p50 + / ~ or p50 +/+ ' mice 
were removed asceptically and single-cell suspensions were made. T cells 
were depleted by incubating spleen cells at 4°C in a mixture of monoclonal 
rat anti-mouse Thy- 1 (clone 3H 1 1 ; ascites), anti-mouse CD4 (clone GK 1 .5, 
culture SN), and anti-mouse CD8 (clone 53-6.7, culture SN) Abs, followed 
by treatment at 37°C with guinea pig complement (Life Technologies) in 
the presence of monoclonal mouse anti-rat IgK Ab (clone MAR 18.5, cul- 
ture SN). Cells were then fractionated into high and low density popula- 
tions by centrifugation on a discontinuous Percoll gradient consisting of 70, 
65, 60. and 50% Percoll solutions (with densities of 1.086, 1.081, 1.074, 
and 1.062 g/ml, respectively). The high density cells were collected from 
the 70 to 65% interface and consisted of 90 to 95% B cells and <\% T 
cells. These cells were small and resting and were used in all experiments 
reported herein. Cells were cultured in 96- we 11 and 24- well flat- bottom 
plates, or 25-cm 2 flasks (Corning, Inc., Corning. NY) at 37°C in a humid- 
ified incubator containing 6% C0 2 . Cultures containing mCD40L were 
established at 2 X 1 0 4 cells/ml due to subsequent extensive expansion of B 
cells. All other cultures were established at I X 10 5 cc I Is/ml. 

Measurement of ON A synthesis by l 3 H]TdR incorporation 

B cells were cultured for 48 h in a final volume of 0.2 ml in complete RPMI 
in flat-bottom 96-well trays (Costar, Cambridge, MA). f'HJTdR (I /iCi) 
(Amersham Corp., Arlington Heights, 1L), sp. act. 20 Ci/mmol, was added 
to the cultures for an additional 18 h. Cultured cells were then harvested 
onto glass fiber filter paper with an LKB-Wallac (Turku, Finland) 1295- 
001 cell harvester. Specific incorporation of [ 3 H]TdR was analyzed by 
scintillation spectroscopy and results are expressed as the arithmetic 
mean ± SEM of triplicate cultures. 

Flow cytometric analysis 

All steps were performed on ice. Cultured cells were harvested, washed 
twice in cold HBSS without phenol red (Bio Whittaker. Walkersville, MD) 
+ 3% FBS (' 'staining buffer"), and then resuspended in 100 p.! of cold 
staining buffer. Cells were incubated for 15 min with rat lgG2b anti-Fc7RH 
(2.4G2) (final concentration 5 ng/ml) to prevent cytophilic binding of the 
FITC-labeled mAbs which were subsequently added at a final concentra- 
tion of 10 for an additional 30 min. Fluorescence analysis was con- 
ducted utilizing a FACScan (Becton Dickinson, Mountain View, CA) set 
for logarithmic amplification. Only viable cells, which were identified on 
the basis of their characteristic forward and side scatter profiles and their 
exclusion of propidium iodide, were analyzed. 

Quantitation of secreted Ig isotype concentrations 
in culture SN 

lg isotype concentrations were measured by ELISA. For determination of 
concentrations of secreted IgM, IgG3 (IgGl. IgG2b, IgG2a), and IgA in 
culture SN, Immulon 2, 96-well flat-bottom ELISA plates (Dynatech Lab- 
oratories, Inc., Alexandria, VA) were coated with unlabeled affinity -puri- 
fied polyclonal goat anti-mouse IgM, IgG3, IgG, and IgA Abs (Southern 
Biotechnology Associates, Birmingham, AL), respectively. Plates were 
then washed, blocked with FBS-containing buffer, and incubated with var- 
ious dilutions of culture SN and standards. After washing, plates were 
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FIGURE 1. p50" /_ B cells show intact prolifera- 
tive responses to mCD40L and a6-dex, but not to 
LPS. p50* /+ , p50"" /_ , and p50 _/ ~ B cells were stim- 
ulated with LPS (20 /i.g/ml), mCD40L (1/1000 v/v), or 
afi-dex (3 ng/ml). [ 3 H]TdR incorporation during the 
period 48 to 66 h after initiation of culture was mea- 
sured. Data are expressed as the mean of triplicate 
cultures ± SEM. Cells cultured in medium alone had 
<300 cpm of ( 3 H]TdR incorporation. 
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incubated with alkaline phosphatase-cunjugated affinity-purified, poly- 
clonal goat anti-mouse IgM, IgG3, IgGl, lgG2b. IgG2a, and IgA Abs 
(Southern Biotechnology Associates) as indicated, washed again, and a 
fluorescent product was generated by cleavage of exogenous 4-methyl- 
umbilliferyl phosphate (Sigma Chemical Co.) by the plate-bound alkaline 
phosphatase -conjugated Abs. For determination of IgE concentrations, a 
similar procedure was followed except that plates were coated with mono- 
clonal rat lgG2a anti-mouse FgE (clone EM95) (purified from ascites, and 
a kind gift of Dr. Fred Finkelman, Uniformed Services University of the 
Health Sciences, Bethesda, MD), followed by samples and standards, then 
affinity -purified polyclonal rabbit anti- mouse IgE (kind gift of Dr. Ildy 
Katona, Uniformed Services University of the Health Sciences, Bethesda, 
MD), then alkaline phosphatase-conjugated affinity -purified polyclonal 
goat anti-rabbit IgG (Southern Biotechnology Associates). Fluorescence 
was quantitated on a 3M FluoroFAST 96 fluorometer (Becton Dickinson), 
and fluorescence units were converted to Ig concentrations by interpolation 
from standard curves that were determined with known concentrations of 
purified myeloma ]g. Each assay system showed no significant cross-re- 
activity or interference from other Ig isotypes (IgM, IgD, lgG3, IgGl, 
lgG2b, IgG2a, IgE, and IgA) found in the culture supematants. 

Fluorescence microscopy for determination of clgM + cells 

Cultured B cells were harvested, and 5 X 10* viable cells were spun onto 
glass slides, air-dried, and then fixed for 1 h at 4°C in methanol. FITC- 
polyclonal goat anti-mouse IgM Abs at 50 p,g/ml in cold HBSS without 
phenol red + 3% FBS was applied directly to the fixed cells for 30 min in 
a humidified chamber. The cells were then subjected to three rounds of 
washing using PBS, followed by a final round of washing with distilled H z O. 

Measurement of steady-state levels of germ-line C H RNA 
by RT-PCR 

I solution of RNA. RNA was extracted from cultured B cells using RNA- 
zol (Tel-Test, Inc., Friendswood, TX) according to manufacturers' instruc- 
tions. RNA was separated according to size by electrophoresis in a 2% 
agarose gel and the 18S and 28S bands were visualized by ethidium bro- 
mide staining to assess RNA quality. 

Reverse transcriptase reaction. Three micrograms of RNA in 25 /iL of 
diethyl pyrocarbonate (DEPC)- treated double distilled H z O were reverse- 
transcribed using SUPERSCRIPT RNase H ~ reverse transcriptase (Life 
Technologies) as previously described (25). Subsequent calculations were 
based on the assumption that 100% of RNA was reverse -transcribed to 
cDNA. • 

Polymerase chain reaction. The primer pairs for amplification of germ- 
line -y3, 7I, €, and a RNA were chosen, based on published sequences, to 
complement specific sequences in the corresponding I and C H exons, re- 
spectively (26-31). Likewise, probes were constructed to specifically rec- 
ognize the amplified PCR products. The sequences of the primers and 
probes are as follows: 

Germ-line y3: sense. 5' CAAGTGGATCTGAACACA 3' (860-877): 
antisense, GGCTCCATAGTTCCATT (2125-2141); probe. 5' GATATAT 
CAGGATACCT 3' (939-955); amplified product, 350 bp. 

Gcrm-linc 7I: sense, 5' C A GCCTGGTGTC A ACT AG 3' (448-465); 
antisense, CTGTACATATGCAAGGCT (767-784); probe. 5' ATGTA 
GAGCTGCACACCCCA 3' (509-528); amplified product, 532 bp. 

Germ-line «: sense,: 5' ACTAGAGATl'CACAACG 3' (771-778); 
antisense, AGCGATGAATGGAGTAGC (991-1008); probe, 5' AGC 
CACTCACTTATCAGAGG 3' (842-861); amplified product, 423 bp. 

Germ-line a: sense, 5' CT AC C AT AG GGG A AG AT AGCCT 3' (13- 
33); antisense, T A ATCGTG A ATC AG GC AG (200-217); probe, 5' TTC 
CCCTATGAAGGACA 3' (93-109); amplified product, 225 bp. 



GAPDH (housekeeping gene control): sense, 5' CCATGGAGAAG 
GCTGGGG 3'; antisense, CAAAGTTGTCATGGATGACC; probe, 5' 
CTAAGCATGTGGTGGTGCA 3'; amplified product, 188 bp. 

The PCR reaction mix contained 200 /aM concentrations of each of the 
four dcoxyribonucleotide triphosphates and 10 X PCR reaction buffer II 
(100 mM Tris-HCl, pH 8.3; 500 mM KC1). MgCl 2 concentrations were 
varied according to the germ-line transcript being amplified as follows: 73 
and GAPDH (2 mM), 7I (4 mM), e (1 mM), and a (2.5 mM). Two hundred 
nanomolar concentrations each of the primer pairs, 2.5 U of Taq poly- 
merase, 20 to 100 ng of cDNA for genn-line 7I, €, and or, and 150 to 500 
ng of cDNA for 73 amplification were added. Amounts of cDNA for 
GAPDH were matched for each group. All reagents except primers and 
probes were purchased from Perkin-Elmer Corp. (Branchburg, NJ). 

The number of PCR cycles performed to yield an optimal signal was 
established experimentally as follows: 73 and 7I (30 cycles), € (28 cycles), 
a (25 cycles), and GAPDH (15 cycles). Each cycle consisted of 1 min at 
95°C for DNA denaturation, 1 .5 min at 53°C for primer annealing, and 2 
min at 72°C for primer extension. The PCR reaction for the various germ- 
line transcripts was performed in parallel with GAPDH to normalize the 
cDNA concentrations within each set of samples. 

Southern blot analysis of amplified PCR products. Following PCR am- 
plification, 10 /xL of reaction mix were electrophoresed in a 2% agarose gel 
for 1 h at 100 V. The cDNA was denatured, neutralized, and then trans- 
ferred to a nylon membrane and fixed according to standard procedures. 
The Southern blots were prehybridized at 42°C in a buffer containing 5 x 
SSPE, 10X Denhardt's solution, 1% SDS, and 100 ^ig/ml of salmon sperm 
DNA. After 2 h, the 32 P-end- labeled-specific oligonucleotide probe was 
added and hybridized at 42 C C overnight. The blots were washed twice in 
2 X SSPE plus 0.1% SDS for 20 min, once in 0.5 X SSPE plus 0.1% SDS 
for 20 min, and twice in 0.2 X SSPE plus 0.1% SDS for 20 min. The 
Southern blots were then placed into Phosphorlmager cassettes for various 
time periods, and the relative intensity of the bands was measured by den- 
sitometry using a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA). 
In each case, single bands of the predicted size were generated. The spec- 
ificity of the PCR was further supported by demonstrating specific induc- 
tion of 73 with LPS or IFN-7, 7I and c with IL-4, and a by TGF-/3. The 
semiquantitative nature of the PCR was established in each case as indi- 
cated in Figure 5. 

Results 

B cells from pSOT'" mice proliferate normally in response to 
ctb-dex and CD40L, but not to LPS 

In a previous study, it was demonstrated that resting B cells from 
p50~ /_ mice proliferated poorly in response to LPS, but showed 
almost normal responses to unconjugated anti- IgM Ab (14). To 
better define the role of p50 in regulating the cell cycle, we deter- 
mined the level of DNA synthesis of p50 -/ ~ B cells, relative to 
p50 +/H " or pSO**"'" B cells, in response to signaling through the 
CD40 activation pathway, using mCD40L. We further determined 
the ability of p50 _/_ B cells to proliferate in response to dextran- 
conjugated anti-IgD Abs (aS-dex) (22, 32). We confirmed the rel- 
atively poor proliferative response of p50 _/ " B cells to LPS acti- 
vation (14) (Fig. 1). By contrast, proliferation of p50 _/ ~ B cells in 
response to mCD40L or aS-dex was comparable to that observed 
in the p50 +/+ and p50 +/ ~ B cell population. 

The combination of LPS- and mlg-mediated signaling has been 
shown to be synergistic for B cell proliferation (33. 34). Whereas 
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FIGURE 2. LPS synergizes with orS-dcx for induction of proliferation 
in p50 w ~ B cells. Control and p50~ /_ B cells were stimulated with 
0.03, 0.3, or 3 ng/ml of a6-dex in the presence or absence of LPS (20 
fig/ml). | 3 H]TdR incorporation during the period 48 to 66 h after ini- 
tiation of culture was measured. Data are expressed as the mean of 
triplicate cultures ± SEM. 



LPS by itself induced a poor proliferative response by p50~ /_ B 
cells, it strongly synergized with suboptimal concentrations of ad- 
dex for induction of mitogenesis (Fig. 2), indicating that some 
aspect of the LPS mitogenic pathway remained intact in the ab- 
sence of p50/NF-KB. Nevertheless, activation with LPS plus a8- 
dex still led to lower levels of DNA synthesis in p50 _/ ~ compared 
with control B cells. Proliferation of p50~ /_ and control B cells in 
response to a5-dex alone was comparable over a wide range of 
aS-dex concentrations (Fig. 2). Thus, these data demonstrate a 
p50- independent, as well as -dependent, component to the LPS- 
medialed mitogenic pathway. 



p50 / B cells respond normally to the mitogenic effects of 
11-4 + 11-5, but show defective proliferative responses 
to sCD40L 



IL-4 and IL-5 each augment B cell proliferation in response to 
LPS, aS-dex, and CD40L. Further, IL-4 and IL-5 exert substan- 
tially greater effects when acting in combination. We thus deter- 
mined the functional status of the IL-4 + IL-5 pathway for induc- 
tion of mitogenesis in p50~'~ B cells. Furthermore, in the presence 
of these cytokines, we compared the proliferative responses of 
p50~'~ B cells to activation with mCD40L vs soluble (s)CD40L. 
mCD40L has been shown to be a more potent mediator of CD40 
signaling than sCD40L, most likely due to the multivalent nature 
of the former reagent (35, 36). Thus, in contrast to mCD40L, 
which induced a significant proliferative response in the absence of 
exogenous cytokines, sCD40L required the concerted action of 
IL-4 to induce proliferation by resting B cells. The combination of 
IL-4 + IL-5 alone failed to induce a significant proliferative re- 
sponse by resting B cells from either p50 _/_ or control mice (data 
not shown). The combination of IL-4 + IL-5 augmented prolifer- 
ation by aS-dex- and mCD40L-activated p50 _/ ~ and control B 
cells to a comparable degree (Fig. 3). By contrast, sCD40L co- 
stimulated a substantially lower proliferative response in p50 -/ ~ B 
cells in the presence of IL-4 + IL-5, indicating a quantitative role 
for p50/NF-*B in the CD40 signaling pathway. Finally, IL-4 + 
IL-5 partially restored the defective proliferative response of 
p50~'~ B cells to LPS. 

p50~ / ~ B cells show a marked defect in B cell maturation to 
IgM secretion despite normal levels of proliferation 

To assess a role for p50 in B cell maturation to Ig synthesis, we 
compared p50~'~ and control B cells for their IgM secretory re- 
sponses under conditions in which proliferation was comparable 



between the two populations. Thus, B cells were stimulated with 
either aS-dex or mCD40L in the presence of IL-4 + IL-5. Both 
IL-4 and IL-5 are required for inducing maximal Ig secretion by 
a5-dex or mCD40L- activated cells (17, 36). Despite relatively 
comparable levels of proliferation, p50~ y ~ B cells secreted 32-fold 
less IgM in response to 3 ng/ml of a5-dex plus IL-4 4- IL-5 rel- 
ative to control B cells (Table I). This defect became even more 
pronounced when the ao-dex concentration was lowered from 3 to 
0.3 ng/ml, suggesting some role for p50 in mlg-mediated co-stim- 
ulation of Ig synthesis. Likewise, p50 _/ " B cells secreted 41 -fold 
less IgM than control B cells in response to mCD40L + IL-4 + 
IL-5 (Table II). Consistent with their poor proliferative responses, 
p50~'~ B cells secreted substantially lower amounts of IgM in 
response to sCD40L + IL-4 + IL-5 or LPS (Table I), although the 
defects in IgM secretion in the p50 -/ ~ population appeared to be 
even greater than those observed for proliferation (Table I, Fig. 1, 
Fig. 3). 

The combination of mlg and CD40 signaling restores B cell 
maturation to IgM secretion in pSOT^" B cells 

Combined signaling through mlg and CD40 is synergistic for B 
cell proliferation (37, 38) and lg secretion and class switching 
(36, 39). Although p50~'~ B cells were markedly deficient in 
IgM secretion in response to cr6-dex or CD40L in the presence 
of IL-4 + IL-5, the combination of 3 or 0.3 ng/ml of ad-dcx 
plus sCD40L restored the ability of p50~'~ B cells to secrete 
IgM to levels comparable to that observed in the control B cell 
population (Table I). This result of combined or5-dex and 
CD40L action on IgM secretion mostly reflected an effect on B 
cell maturation, not on proliferation (data not shown). When the 
concentration of a5-dex was lowered from 0.3 to 0.03 ng/ml in 
the presence of sCD40L + IL-4 + IL-5, IgM secretion by 
p50 -/_ B cells dropped by over 13-fold, whereas IgM synthesis 
was maintained in the control population (Table 1). Once again, 
this suggested a relative role for p50/NF-KB in mlg-mediated 
co-stimulation of B cell maturation to Ig synthesis. 

To confirm that the differences and changes observed in secreted 
IgM in the p50 _/_ and control B cell cultures truly reflected dif- 
ferences in B cell maturation to IgM secretion, and not simply 
alterations in transport of IgM out of the cell, we enumerated the 
percentages of cytoplasmic (c)IgM + cells by fluorescence micros- 
copy 4 days after stimulation of p50 _/ ~ and control B cells with 
ao-dex and/or sCD40L in the presence of IL-4 + IL-5. Cells with 
distinctly positive staining for clg are considered to be actively 
secreting cells. Replicate cultures were established to determine 
IgM concentrations in culture SN on day 6. As indicated in Table 
III, p50 -/ ~ B cells showed greatly reduced percentages of clgM^ 
cells, compared with control cells, after stimulation with oro-dex or 
sCD40L in the presence of IL-4 4- IL-5, consistent with the data 
obtained for secreted IgM concentrations. Indeed, only dull-stain- 
ing clgM^ cells were observed in the p50~'~ population. The 
combination of sCD40L plus aS-dex in the presence of IL-4 + 
IL-5 led to a marked increase in the percentages of clgM^ cells, as 
well as IgM secretion, in the p50~'~ population, with many cells 
staining brightly for clgM. The control population showed approx- 
imately twofold higher percentage of dgM + cells and IgM secre- 
tion, compared with p50 _/_ cells, in response to the combined 
actions of aS-dex plus sCD40L. 

IL-4 is well-known for its ability to induce IgGl (40, 41) and 
IgE (42) class switching. Since the combination of sCD40L and 
a5-dex in the presence of IL-4 + IL-5 stimulates comparable 
amounts of IgM in the p50 -/ ~ and control B cell populations, any 
differences observed in IgGl and/or IgE secretion would suggest 
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FIGURE 3. IL-4 + IL-5 enhance proliferation of 
control and p50 -/ ~ B cells to a comparable de- 
gree. Control and p50 -/ ~ B cells were stimulated 
with mCD40L (1/1000 v/v), sCD40L (10 /xg/ml), 
LPS (20 /ig/m!}, or a5-dex (3 ng/ml} in the presence 
or absence of IL-4 (4.2 ng/ml) + IL-5 (150 U/ml). 
[ 3 H]TdR incorporation during the period 48 to 66 h 
after initiation of culture was measured. Data are ex- 
pressed as the mean of triplicate cultures ± SEM. 
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Table I. pSO 7 B cells show defective maturation to Ig secretion that can be restored through the combined action of ct8-dex and CD40L a 
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5 
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5 
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Control and pS0 -/ ~ B cells were stimulated with 3, 0.3, or 0.03 ng/ml of aS/dex in the presence of IL-4 (4.2 ng/ml) + IL-5 (150 U/ml) and in the presence or 
absence of sCD40L (10 jug/ml) or LPS (20 jtg/ml). Concentrations of secreted tgM, IgGI , and IgE were measured in culture SN by EL ISA 6 days after initiation of culture. 
The values represent the mean of triplicate cultures. 



differences in the ability of these cells to switch to the production 
of these lg isotypes and not simply differences in their ability to 
mature into Ig-secreting cells. p50 _/ ~ and control B cells secreted 
comparable amounts of IgGI in response to 3 or 0.3 ng/ml of 
aS-dex in the presence of sCD40L, IL-4, and IL-5 (Table I). Re- 
ducing the concentration of ar5-dex from 0.3 to 0.03 ng/ml of 
aS-dex, to assess the relative requirements for decreasing levels of 
mlg-mediated stimulation, led to a 27-fold reduction in IgGI se- 
cretion by p50~'~ B cells, but a 3.7-fold increase by control cells, 
thus revealing a relative defect in the mlg signaling pathway in the 
p50~ /_ B cells. p50~ /_ B cells, in marked contrast to control cells, 
secreted virtually undetectable amounts of IgE under all conditions 
(Table I), suggesting a selective defect of p50~ /_ B cells for se- 
cretion of this Ig isotype. p50~ /_ B cells were defective in both 
IgGI and IgE secretion in response to LPS + IL-4 + IL-5, con- 
sistent with that observation for IgM. Furthermore, as reported 



Table II. mCD40L-activated p50 y B cells are defective in 
maturation to Ig secretion in response to IL-4 + IL-5' 1 
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Control and p50" 7 B cells were stimulated with mCD40L (1/1000 v/v) 
and/or IL-4 (4.2 ng/ml) + IL-5 (150 U/ml) for 6 days. Concentrations of secreted 
IgM, IgGI, and IgE were measured in culture SN by ELISA. The values represent 
the mean of triplicate cultures. 
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Table III. Fluorescence microscopic analysis of clgM* cells after 
stimulation with ctS-dex and/or sCD40L in the presence of IL-4 + 
IL-5 directly demonstrates defective 3 cell maturation to 
Ig secretion in the pSCT^ B cell population* 
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365 
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aS-dex + 4,5 


183 
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43 


53,100 


SCD40L + 4,5 
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112 


21 


31,200 


sCD40L + aS-dex + 4,5 


138 


83 


60 
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Control and p50~ /_ B cells were stimulated with trS-dex (3 ng/ml) and/or 
sCD40L (10 /ig/ml) in the presence of IL-4 (4.2 ng/m!) + IL-5 (150 U/mlJ for 4 
days. The percentages of clgM* cells were then determined by fluorescence 
microscopy after staining fixed cells with FITC-labeled polyclonal goat anti- 
mouse IgM Abs. Replicate cultures were also established to determine the con- 
centration of secreted IgM in culture SN by ELISA performed 6 days after initi- 
ation of culture. 



previously (43) for normal B cells, the combination of aS-dex and 
LPS was mutually antagonistic for IL-4 + IL-5-dependent Ig- 
secretion by control cells, and likewise failed to restore Ig- 
secretory responses in p50 _/ ~ cells (Table I). 

p50~ /_ B cells are defective in 1gG3, IgE, and IgA class 
switching but undergo substantial switching to tgd 

The ability to induce substantial levels of proliferation by p50~ /_ 
B cells in response to aS-dex and/or CD40L allowed us to deter- 
mine whether p50 played a role in the process of Ig class switch- 
ing, as assessed by flow cytometric analysis of mlg" h cells stimu- 
lated with one or both of these activators in the presence of 
cytokine switch factors. We used IFN-y to induce the switch to 
IgG3 (18), TGF-/3 to stimulate IgA class switching (20, 28, 44), 
and IL-4 to induce both IgGl and IgE switching (36, 45). Sub- 
stantial, although reduced, switching to IgGl was observed for 
p50~'~ relative to control B cells under all conditions tested (Fig. 
4). By contrast, the generation of mIgG3 + , mlgE^, and mlgA""" 
cells was markedly reduced in the p50 _/ ~ population. migE + cells 
represented cells switching to IgE, and not cells with cytophilic 
IgE (see Materials and Methods). 

p50~ / ~ B cells express normal steady-state levels of 
germ- fine yl and a RNA but markedly reduced 
germ-line y3 and € RNA 

Cytokines, as well as B cell activators, are believed to regulate Ig 
class switching, in part through selectively inducing transcriptional 
activation or inhibition of C H genes prior to switch rearrangement. 
Transcriptional activity, as reflected by the steady-state levels of 
germ-line C H RNA, is thought to make C H genes accessible to the 
binding of regulatory factors that mediate their rearrangement (46, 
47). Germ-I ine C H RNA transcripts are known to initiate at a spe- 
cific promoter (I region), which is located 5' to every switch (S) 
region. After splicing of the initial germ-line RNA, which consists 
of I, S, and C H sequences, a final germ-line RNA is generated 
consisting only of 1 and C H sequences. Productive C H RNA, gen- 
erated subsequent to switch rearrangement, lacks the specific I 
region sequence due to its deletion during the switching process 
(for review sec Rcf. 48). 



B CELL DEFECTS IN P 50/NF-kB KNOCKOUT MICE 

To better define the defects in class switching in p50~ /_ B cells, 
we developed a semiquantitative PCR assay, using specific primers 
to I and C H , to measure the levels of germ-line C H RNA, Initial 
studies were performed to establish the assay as semiquantitative. 
Conditions were determined whereby the addition of increasing 
amounts of substrate generated increased signal in a linear rela- 
tionship after binding of the PCR product with specific 32 P-labeled 
probe (Fig. 5). The specificity of each assay was also confirmed 
(see Materials and Methods). Germ-line C H RNA was measured in 
response to IL-4, (FN- y, or TGF-/3, 48 h after activation with 
CD40L and/or a5-dex (Fig. 6). Induction of germ-line C H yl in 
response to IL-4 was comparable between p50~'~ and control B 
cells. By contrast, germ-line C„c RNA was virtually undetectable 
in the p50 -/ ~ population, whereas it was highly expressed in 
control B cells. These data were consistent with the findings from 
flow cytometric analyses of mlgGl^ and mlgE^ cells (Fig. 4). Al- 
though p50 -/_ B cells generated markedly reduced percentages of 
mlgA^ cells (Fig. 4), p50~'~ and p50 +/ " cells expressed compa- 
rable levels of germ-line C H a RNA (Fig. 6), either at low levels in 
the absence of TGF-£ or at substantially higher levels in the pres- 
ence of TGF-/3. Finally, consistent with flow cytometric analysis 
of mlgG3 + cells (Fig. 4), p50~'~ B cells expressed markedly re- 
duced levels of germ-line C H y3 RNA after activation with a6- 
dex + IL-5 + I FN- 7 (Fig. 6). All observations on steady-state 
levels of germ-line C H RNA were confirmed in a second, sim- 
ilar set of studies. 



Discussion 

These data demonstrate that murine B cells have different degrees 
of dependence upon p50/NF-kB activity for their functional re- 
sponses to three distinct modes of B cell activation, which are 
mediated by LPS, CD40L, and aS-dex, despite the fact that all 
three modes of activation induce NF-kB in resting B cells (11-13, 
49, 50). The functional integration of NF-kB -mediated events, in 
a given activational milieu, with those elicited by other transcrip- 
tion factors, including other Rel family members, probably deter- 
mines the ultimate impact of NF-kB on the B cell response. In- 
deed, the patterned expression of different NF-*cB/Rel family 
members seen during terminal B cell differentiation (5) is consis- 
tent with the interpretation that the selective defects we have ob- 
served with B cells lacking p50/NF-#cB represent the disruption of 
a larger developmental program in which different NF-«B/Rel 
complexes participate in terminal B cell differentiation. In this 
light, it will be intriguing to examine the responses of B cells that 
lack other individual and multiple subunits of the NF-«B/Rel fam- 
ily of transcription factors. 

A striking synergy between the mlg and CD40 signaling path- 
ways for induction of proliferation, maturation to Ig secretion, and 
Ig class switching has been demonstrated (36-39). The synergistic 
interplay of these two pathways appeared to circumvent the re- 
quirement for p50/NF-*cB for induction of B cell maturation to Ig 
secretion. Indeed, the only condition under which relatively nor- 
mal levels of Ig secretion could be obtained by p50 _/ ~ B cells was 
through combined activation with arS-dex and CD40L. The fact 
that B cells could generate substantial percentages of mIgGJ + 
cells in response to mCD40L + IL-4 + IL-5, in the absence of 
aS-dex while failing to secrete significant amounts of IgGl, further 
indicated that the process of class switching could be separated 
from B cell maturation to Ig secretion. A similar segregation be- 
tween these two processes was observed previously in a different 
system (51). The ability of mlg and CD40 signaling pathways to 
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FIGURE 4. p50~ /_ B cells are defective in 
class switching to lgG3, IgE, and IgA, but dem- 
onstrate substantial switching to IgGI . Control and 
p50~ /- B cells were stimulated as indicated. Con- 
centrations of reagents were as follows: sCD40L 
(10 ng/ml), mCD40l (1/1000 v/v), aS-dex (3 ng/ 
ml), IL-4 (4.2 ng/ml), IL-5 (1 50 U/ml), TGF-0 (3 ng/ 
ml), and IFN-7 (10 U/ml). Flow cytometric analysis 
was performed 4 days after initiation of culture for 
determination of (he percentages of mlgG3 \ 
mlgCV\ mlgE'\ and mlgA* cells using FITC-la- 
beted rat anti-mouse mAbs specific for the respec- 
tive Ig isotypes. 
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FIGURE 5. The RT-PCR assay for detection of 
germ-line y3, y1, €, a RNA is semiquantitative. The 
number of cycles required to give an optimal signal 
for each RT-PCR assay was first established as indi- 
cated in Materials and Methods. To establish the 
semiquantitative nature of each assay, serial twofold 
dilutions of cDNA templates were prepared as fol- 
lows: yl, c, «, and GAPDH (800 ng-6.25 ng) and y3 
(6000 ng-46.8 ng). RT-PCR was then performed at 
the fixed cycle number established for each assay, 
and the products were hybridized to the respective 
u P-labeled specific probes. 
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FIGURE 6. pSCT'" B cells show defective expression of germ-line 
>3 and € RNA, but normal expression of germ- line yl and a RNA. 
Control p5(K anci pSO" 7 " B cells were stimulated as indicated. Con- 
centrations of reagents are the same as in Figure 4. RNA was purified 
48 h after initiation of culture for determination of steady-state levels of 
C H -specific germ-line RNA by RT-PCR. 



synergize to allow pSO""'" B cells to undergo terminal B cell dif- 
ferentiation raises the intriguing issue of whether this synergy re- 
sults from the activation of other, NF-KB-independent, signaling 
pathways, which can also result in terminal B cell differentiation, 
or results from the activation of non-p50 containing NF-kB/RcI 
complexes, which are present in lower concentrations and may 
have more complex inductive requirements. 

The inability of p50~'~ B cells to induce germ-line RNA for 
C H ?3 and C H € while expressing normal levels of C H y\ and C H a 
is reminiscent of recent observations by Cogne et al. with B cells 
from mice made genetically deficient in expression of an enhancer 
located 3' to the C H or gene <3'E H ) (52). B cells from these mice 
were defective in their induction of germ-line RNA for C,,y3 and 
C H y2b in response to LPS, and for C H c upon stimulation with 
LPS + IL-4, but expressed normal levels of germ-lihe C H yl 
RNA upon LPS + IL-4 induction and germ-line C H a RNA after 
stimulation with LPS + TGF-0. The level of induction of germ- 
line C H RNA in 3'E M " /w B cells correlated with the ability of 
these cells to undergo switching to these respective Jg isotypes. 
These data raise the interesting possibility that p50/NF-*<B acts 
cither directly or indirectly as a key positive regulator of 3'E H 
activity. Indeed, a p50/NF-xB binding site was recently demon- 
strated in the 3'E H . 4 

The reports of NF-kB binding sites in murine \€ (9) and murine 
Iy3 (10) also suggest the possibility of a more direct effect of 
p50/NF-#cB on the activity of the germ-line C H * and C,,y3 pro- 
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moters. respectively. However, a p50/NF-KB binding site has also 
been observed both in the murine lyl and murine la promoters, 2 
both of which appear to be intact in p50~/~ B cells. It should be 
noted that the knockout of the 3'E H region involved the introduc- 
tion within the 3'E H locus of a selectable marker. Thus, the effects 
observed in these B cells could involve selectable marker- medi- 
ated promoter/enhancer competition of other regulatory loci. In- 
deed, additional enhancers have been identified within the region 
3' to C« (53-57). but their role in regulating germ-line C H tran- 
scription, and perhaps other aspects of switch recombination, is 
unknown. One of these regions, designated HS-4, has also recently 
been shown to contain a p50/NF-KB binding site, 4 

The p50~'~ and 3'E M ~'~ model systems also demonstrate dis- 
tinct functional differences, in that LPS stimulated 3'E H ~ / ". but 
not p50~'~. B cells to proliferate and secrete IgM at normal levels. 
3'E H ~'~ B cells also generated substantial percentages of mlgA ■ 
ceils in response to LPS or CD40L in combination with a5-dex, 
IL-4, IL-5. and TGF-0 (C M, Snapper and F. W. Alt. unpublished 
observations), whereas p50~ y ~ B cells were strikingly deficient in 
this regard, despite expressing normal levels of germ-line C H or 
RNA. This latter observation suggested an additional role for 
NF-kB in class switching beyond its effect on germ-line C H tran- 
scription. Work by Renter and colleagues (6-8) demonstrated the 
presence of p50/NF-KB binding sites in the switch regions for 
IgG3, IgG I . and IgG2b. These motifs appeared to be nonrandomly 
located at sites of switch recombination, suggesting a possible role 
for p50/NF-*B in the switch rearrangement event. Our data dem- 
onstrating substantial IgG I switching in p50 B cells did not 
rule out an important role for p50/NF-KB binding for switch rear- 
rangement, but indicated that p50/NF-KB was not absolutely re- 
quired, at least for the IgM to IgGl switch- Whether the defect in 
IgA class switching in p50~ y *~ B cells, which was associated with 
normal levels of germ-line C H « RNA, involved an p5()/NF-KB~ 
dependent event at the a switch region remains to be determined. 

In a previous report, a defective proliferative response of 
p50~'~ B cells to LPS. but not anti-Ig stimulation was demon- 
strated (14). The data presented here significantly extend those in 
vitro observations by demonstrating independent defects in other B 
cell functions including maturation to Ig secretion, germ-line C H 
gene activation, and Ig class switching, as well as by utilizing 
additional stimuli. This establishes a powerful and well-defined 
model system for studying the role of p50/NF-«B over a wide 
range of normal cellular functions. The in vivo defects in Ig iso~ 
type production previously observed in p50 ' mice cannot be 
readily compared with our in vitro observations, which utilized 
purified populations of resting B cells, since the in vivo setting 
involves a far more complex activational milieu with interactions 
and functional cascades occurring between multiple cell types, all 
of which may be affected by the absence of p50/NF-*B. 
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Signaling by the p55 tumor necrosis factor (TNF) re- 
ceptor and by the structurally related receptor Fas/ 
APOl is initiated by receptor clustering. Data presented 
here and in other recent studies (Wallach, D., Boldin, M., 
Varfolomeev, £. E., Bigda, Y., Camonis, H. J. and Mett, I. 
(1994) Cytokine 6, 556; Song, H. Y., Dunbar, J. D., and 
Bonner, D. B. (1994) J. Biol. Chem. 269, 22492-22495) 
indicate that part of that region within the intracellular 
domains of the two receptors that is involved in signal- 
ing for cell death, as well as for some other effects (the 
"death domain**, specifically self-associates. We demon- 
strate also the expected functional consequence of this 
association; a mere increase in p55 TNF receptor expres- 
sion, or the expression just of its intracellular domain, is 
shown to trigger signaling for cytotoxicity as well as for 
interleukin 8 gene induction, while expression of the 
intracellular domain of Fas/APOl potentiates the cyto- 
toxicity of co-expressed p55 TNF receptor. These find- 
ings indicate that the p55 TNF and Fas/APOl receptors 
play active roles in their own clustering and suggest the 
existence of cellular mechanisms that restrict the self- 
association of these receptors, thus preventing constitu- 
tive signaling. 



Many cell surface receptors are triggered upon clustering. 
Unless restricted, this mode of triggering may result in their 
spontaneous signaling due to receptor chance encounters. The 
implications with regard to regulation of receptor function are 
underscored by the findings in the present study regarding the 
mechanisms of signaling by the p55 tumor necrosis factor 
(TNF) 1 receptor (p55-R) and Fas/APOl. These two structurally 
related receptors provide signals that can cause the death of 
cells expressing them, via structurally related sequence motifs 
in their intracellular domains (the "death domains"; Refs. 2, 5, 
and 6). Dominant negative effects of mutations in these do- 
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mains (2) and mimetic effects of antibodies against the two 
receptors (1, 7, 8) indicate that their signaling is initiated as a 
consequence of their clustering and self-interaction. TNF, and 
quite likely also the closely similar Fas ligand (9), occur as 
homotrimeric molecules (see, e.g. , Refs. 10 and 11) and thus can 
induce clustering of receptors merely by binding to them. Data 
presented here (see also Ref. 33) and in another recent study (4) 
show, however, that the intracellular domains of p55-R and of 
Fas/APOl can aggregate even in the absence of their ligands, 
prompted by the ability of their death domains to self-associate. 
Additionally, we show that an increase in expression of these 
receptors, or even just of their death domain, can result in the 
induction of TNF and Fas/APOl-like effects, suggesting that 
the self-association of the death domain suffices to trigger 
signaling. These findings emphasize the need to elucidate how 
spontaneous signaling as a consequence of chance encounters 
between receptors normally is prevented. 

EXPERIMENTAL PROCEDURES 

Two-hybrid Screen and Two-hybrid fi-Galactosidase Expression 
Test — cDNA inserts were cloned by polymerase chain reaction, either 
from the full-length cDNAs cloned previously in our laboratory, or from 
purchased cDNA libraries. 0-Galactosidase expression in yeasts 
(SFY526 reporter strain; Ref. 12) transformed with these cDNAs in the 
pGBT-9 and pGAD-GH vectors (DNA binding domain (DBD) and acti- 
vation domain (AD) constructs, respectively) was assessed by a liquid 
test (13), as well as by a filter assay, which yielded qualitatively the 
same results (not shown). Two- hybrid screening (14) of a Gal4 AD- 
tagged HeLa cell cDNA library (Clontech, Palo Alto, CA) for proteins 
that bind to the intracellular domain of the p55-R (p55-IC), was per- 
formed using the HF7c yeast reporter strain. Positivity of the isolated 
clones was assessed by (a) prototrophy of the transformed yeasts for 
histidine when grown in the presence of 5 mM 3-aminotriazole, (ft) 
0-galactosidase expression, and (c) specificity tests (interaction with 
SNF4 and lamin fused to Gal4 DBD). 

In Vitro Self -association of Bacterially Produced pS5-IC Fusion Pro- 
teins — Glutathione S-transferase (GST) and glutathione S-transferase- 
p55-IC fusion protein (GST-p55-lC) were produced as described else- 
where (15, 16). Maltose- binding protein (MBP) fusion proteins were 
obtained using the pMalcRI vector (New England Biolabs) and purified 
on an amylose resin column. The interaction of the MBP and GST 
fusion proteins was investigated by incubating glutathione-agarose 
beads sequentially with the GST and MBP fusion proteins (5 fxg of 
protein/20 fi\ of beads), first for 15 min and then for 2 h, at 4 °C. 
Incubation with MBP fusion proteins was carried out in a buffer solu- 
tion containing 20 mM Tris-HCI, pH 7.5, 100 mM KC1, 2 mM CaCl^, 2 mM 
MgCl 2 , 5 mM dithiothreitol, 0.2% Triton X-100, 0,5 mM phenylmethyl- 
sulfonyl fluoride, and 5% (v/v) glycerol or, when indicated, in that same 
buffer containing 0.4 M KC1 or 5 mM EDTA instead of MgCl a . Associa- 
tion of the MBP fusion proteins was assessed by SDS-polyacrylamide 
gel electrophoresis of the proteins associated with the glutathione- 
agarose beads, followed by Western blotting. The blots were probed 
with rabbit antiserum against MBP (produced in our laboratory) and 
with horseradish-peroxidase-linked goat anti-rabbit immunoglobulin. 
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Tablk I 

Self- association of the intracellular domains of p55-K and Fas/APOl within transformed yeasts: 
assessment by a two-hybrid fi-galactasidase expression test 
Quantitative assessment of the interaction of Gal4 hybrid constructs encompassing the following proteins: the intracellular domain of human 
p55-R and its various deletion mutants, the intracellular domains of mouse p55-R (residues 334-454), mouse Fas/APOl (Fas-IC, residues 166-306), 
human CD40 (CD40-IC, residues 216-277), and human p75 TNF receptor (p?5-IC, residues 287-461; for residue numbering see Refs. 22, 23, and 
30-32). SNF1 and SNF4 were used as positive (14), and lamin as a negative control f 12). Proteins encoded by the Gal4 DBD constructs (pGBT9) 
are listed vertically; those encoded by the Gal4 AD constructs CpGAD-GH), horizontally. The two deletion mutants denoted by asterisks were cloned 
in a two-hybrid screen of a HeLa cell cDNA library (Clontech, Palo Alto, CA), using p55-lC cloned in pGBT9 as - bait. w Four of about 4 X 10 (i cDNA 
clones were positive, of which three were found to correspond to parts of human p55-R cDNA (two were identical, encoding residues 328-426, and 
one encoded residues 278-426). The fourth encoded an unknown protein. The j3-galactosidase expression data are averages of assays of two 
independent transformants and are presented as amount of 0-galactosidase product (a unit of activity being defined as OD 420 X 10' 1 divided by 
OD c>(Ht of the yeast culture and reaction time, in minutes). The detection limit of the assay was 0.05 units, Variation between duplicate samples were 
in all cases less than 25*3? of the average. — , not tested. 
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Induced Expression in HeLa Celts of the. p55-R, Fragments Thereof 
and FasIC — HeLa cells expressing the tetracycline-controlled transac- 
tivator (the HtTA-l clone; Ref 17.) were grown in Dulbecco's modified 
Eagle's medium, containing 10% fetal calf serum, 100 units/ml penicil- 
lin, 100 pig/ml streptomycin, and 0.5 mg/ml neomycin. cDN T A inserts 
encoding the p55-R or parts thereof were introduced into a tetracycline- 
controlled expression vector (pUHDlO-3, provided by H. Bujard). The 
cells were transfected with the expression construct (5 pig of DNA/6-cm 
plate) by the calcium phosphate precipitation method (16). Effects of 
transient expression of the transfected proteins were assessed at the 
indicated times after transfection in the presence or absence of tetra- 
cycline (1 /Ag/ml). Clones of cells stably transfected with the human 
p55-IC cDNA in the pUUD10-3 vector were established by transfecting 
the cDNA to HtTA-l cells in the presence of tetracycline together with 
a plasmid conferring resistance to hygromycin, followed by selection for 
clones resistant to hygromycin (200 fjg/ml). Expression of the cDNA was 
obtained by removal of tetracycline, which was otherwise maintained 
constantly in the cell growth medium. 

Assessment of TNF-like Effects Triggered by Induced Expression of 
the p55-R, Fragments Thereof, or Fas-IC — Effects of induced expression 
of the receptors and of TNF on cell viability were assessed by the 
neutral-red uptake method (18). Induction of interleukin 8 (IL-8) gene 
expression was assessed by Northern analysis. RNA was isolated using 
TRl Reagent (Molecular Research Center, Inc.), denatured in formal- 
dehyde/furm amide buffer, eloctrophoresed through an aga rose/form al- 
dehyde gel, nnd blotted to a GeneScreen Plus membrane (DuPont) in 10 
X SSPE buffer, using standard techniques. Filters were hybridized 
with an IL-8 cDNA probe ((19), nucleotides 1-392), radiolabeled by 
random primed DNA labeling kit (Boehringer, Mannheim. Germany), 
and washed stringently. 
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Fin. 1. Self-association of the intracellular domain of p55-R in 
vitro: specific association of bacterially-produced fusion pro- 
teins containing the intracellular domain. Interaction between 
fusion of human p55-IC to MBP (MBP-p55-IC) and to GST (lane 2) and 
the effect of EDTA (lane tl) and increased salt concentration (0,4 m KC1, 
lane 4) on this interaction. Interaction of MBP-p55-IC with GST (lane !) 
and of GST-p55-IC with the fusion product of MBP and an irrelevant 
peptide (residues 195-229 in the mouse p75 TNF-R, MBP-p75-EC, lane 
5; position indicated by an arrow) were also tested. SDS-polyacrylamide 
gel electrophoresis (10% aerylamide) of the interacting proteins, fol- 
lowed by Western blotting, using anti-MBP antiserum, was performed 
as described under "Experimental Procedures.** 
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Fig. 2. Ligand-independent trigger- 
ing of a cytocidal effect in HeLa cells 
transfected with p65-R, or parts 
thereof, or with Fas-IC. TNF receptor 
expression {left and middle) and viability 
(right) in: A, HeLa cells expressing tran- 
siently the full-length p55-R (p55-R), 
p55-IC or parts thereof or, as a control, 
lucif erase (LE/C); and B t in cells express- 
ing Fas-IC, alone or together with the 
p55-R, using a tetracycline-controlled ex- 
pression vector. □, cells transfected in the 
presence of tetracycline (1 /tg/ml), which 
inhibits expression; □, cells transfected in 
the absence of tetracycline. TNF receptor 
expression was assessed 20 h after trans- 
fection, both by ELISA, using antibodies 
against the receptor's extracellular do- 
main (left), and by determining the bind- 
ing of radiolabeled TNF to the cells {mid- 
dle). The cytocidal effect of the transfected 
proteins was assessed 48 h after transfec- 
tion. Data shown are from one of three 
experiments with qualitatively similar re- 
sults, in which each construct was tested 
in duplicate. ND, not determined. 
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Assessment of TNF Receptor Expression — TNF receptor expression in 
samples of 1 x 10 e cells was assessed by measuring the binding of TNF, 
labeled with 126 1 by the chloramine-T method, as described previously 
(20). It was also assessed by ELISA, performed as described for the 
quantification of the soluble TNF receptors (21), except for the use of 
radioimmune precipitation buffer (10 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 1 mM EDTA, and 
1 mM phenylmethylsulfonyl fluoride) to lyse the cells (70 p.1/10 6 cells) 
and to dilute the tested samples. The soluble form of the p55-R, purified 
from urine, served as the standard. 

RESULTS 

Self-association of the death domain in the p55-R was ob- 
served by happenstance, on screening a HeLa cell cDNA library 
by the two-hybrid system technique (14) for proteins that bind 
to the intracellular domain of this receptor. Among the cDNAs 
whose products bound specifically to the intracellular domain* 
GAL4 DBD fusion-protein, several clones encoded parts of the 
p55-R intracellular domain (p55-IC; marked with asterisks in 
Table 1). 

The extent of specificity in the self-association of p55-IC and 
the particular region involved was evaluated by the two-hybrid 
test. Table I shows the following, (a) The self- association of 
p55-IC is confined to a region within the death domain. Its N 
terminus is located between residues 328 and 344; its C termi- 
nus, close to residue 404, is somewhat upstream of the reported 
C terminus of this domain (residue 414). (6) Deletion of the 
membrane-proximal part of p55-IC upstream of the death do- 
main enhanced self-association, suggesting that this region has 
an inhibitory effect, (c) Mouse p55-IC self-associates and also 
associates with the death domain of human p55-R. (d) Exami- 
nation of the self- association of the intracellular domains of 
three other receptors of the TNF/NGF receptor family: Fas/ 
APOl, CD40 (22), and the p75 TNF receptor (23), showed that 
Fas-IC, which signals for cell death by a sequence motif related 
to the p55-R death domain, self-associates and associates to 
some extent with the p55-!C. However, CD40-IC, which pro- 
vides growth stimulatory signals (even though also containing 
a sequence resembling the death domain), and p75-IC, which 
bears no structural resemblance to p55-IC, do not self-associ- 
ate, nor do they bind p55-IC or Fas-IC. 

An in vitro test of the interaction of a p55-IC-GST bacterial 
fusion protein with a p55-IC-MBP fusion protein confirmed 
that p55-R self- associates and ruled out involvement of yeast 
proteins (Fig. 1). The association was not affected by increased 



salt concentration or by EDTA (Fig. 1, lanes 3 and 4). 

To evaluate the functional implications of the self-associa- 
tion of the death domain, we examined the way in which 
induced expression of p55-R, or of parts of it, affects cells 
sensitive to TNF cytotoxicity. Using an expression vector that 
permits strictly controlled expression of transfected cDNAs by 
a tetracycline regulated transactivator (17), we found that 
merely increasing p55-R expression in HeLa cells by expression 
of transiently transfected cDNA for the full-length receptor 
resulted in quite extensive cell death. Even greater cytotoxicity 
was observed when expressing just p55-IC (Figs. 2 and 3, A and 
B). Significant cytotoxicity was also observed when expressing 
just the death domain. In contrast, expression of parts of the 
p55-IC that lacked the death domain or contained only part of 
it (or expression of the luciferase gene, used as an irrelevant 
control) had no effect on cell viability. Expression of Fas-IC did 
not result in cytotoxicity, yet significantly enhanced the cyto- 
toxicity of co-expressed p55-R (Fig. 2). The cytotoxicity of 
p55-IC was further confirmed using cells stably transfected 
with its cDNA; these cells continued to grow when p55-IC 
expression was not induced but died when p55-IC was ex- 
pressed (Fig. 3C). 

We examined also the effects of increased expression of 
p55-R and expression of just the intracellular domain of the 
receptor on the transcription of IL-8, known to be activated by 
TNF (19). As shown in Fig. 4, transfection of HeLa cells with a 
tetracycline-controlled construct encoding the p55-R cDNA in- 
duced IL-8 transcription. An even stronger induction was ob- 
served in cells transfected with the cDNA for p55-IC. In both 
cases, the induction occurred only when tetracycline was ex- 
cluded from the cell growth medium, indicating that it occurs 
as a consequence of expression of the transfected p55-R or 
p55-IC. Transfection with luciferase cDNA, as a control, had no 
effect on IL-8 transcription. 

DISCUSSION 

Studies employing the two-hybrid technique suggested that 
the intracellular domain of the p55-R self- associates and lo- 
cated this self-association to a part of a region found to be 
critical for signaling by this receptor (Ref. 4 and the present 
report; see also Ref. 33). Further tests confirmed that this 
association is not artifactual, as may well occur in the yeast 
genetic test (24), and indicated that it has functional conse- 
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PiO. 3. Ligand -independent trigger- 
ing of a cytocidal effect in He La cells 
transfected with p55-R or its intra- 
cellular domain: kinetic study of 
transient expression of the receptor 
and its expression in a stable trans- 
fee tan t. A, TNF receptor expression (as- 
sessed by ELISA); B, cell viability, in 
transient transfection of the full-length 
receptor «. □) and of p55-IC (O. in the 
presence or absence of tetracycline (emp- 
ty and solid notes, respectively), assessed 
at various times after incubation with the 
transfected DNA; C, effect of p55-IC ex- 
pression on the viability of cells trans- 
fected stably with this cDNA. assessed at 
various times after replacement of the cell 
growth medium with fresh medium either 
with or without tetracycline. Photographs 
were taken 36 h after tetracycline 
removal. 
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quences. The self- association could be shown to occur also in 
vitro, using GST and MBP p55-IC fusion proteins, thus ruling 
out involvement of yeast proteins or of the Gal4 DBD or AD in 
this association. Moreover, the expected functional conse- 
quence of this association could be demonstrated, namely oc- 
currence of spontaneous signaling under conditions that permit 
receptor aggregation. A mere increase in p55-R expression, or 
even expression just of the intracellular domain of the receptor 
or of its death domain, was found to be sufficient to trigger 
signaling for cytotoxicity as well for expression of the TNF- 
inducible IL-8 gene within cells. 

Normally, cells expressing the p55-R do not exhibit TNF 
effects unless exposed to this cytokine. Presumably, cells pos- 
sess some mechanisms that reduce the self-association of the 
receptor and impose on it ligand dependence. Probably self- 
association of the receptors is in part restricted by mechanisms 
that maintain their self-surface expression at a low level. It 
may also be restricted by constraints imposed on the death 
domain in the receptor by other regions in the p55-R molecule. 
To some extent, self-association of the death domain seems to 
be inhibited by the membrane-proximal part of the intracellu- 
lar domain (Table I). Crystal lographic studies of the extracel- 



<. <f 




ruTRACvctiNIt; — — -f- — _J_ — -f. — 



B 



Fin. 4. Li gand-in dependent induction of IL-8 gene expression 
in HeLa cells transfected with p55-K or its intracellular domain. 

A, Northern analysis of RNA(7 jig/lane), extracted from HeLa (HTta-U 
cells, untreated or treated with TNK (500 units/ml for 4 h; autoradiog- 
raphy performed for 6 h). or the HTia-1 cells 24 h after their transec- 
tion (in the presence or absence of tetracycline) with p55-IC, the p55-R 
or luciferase cDNA (autoradiography for IS h). B t methylene blue stain- 
ing of 18 S rRNA. For other details, see "Experimental Procedures.'* 
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lular domain of the receptor suggest that also this domain 
mediates an inhibitory effect; they indicate that, in the absence 
of TNF, the extracellular domains of neighboring p55-R mole- 
cules are capable of interacting in a way that obviates associ- 
ation of their intracellular domains. 2 Such interaction may well 
prevent spontaneous signaling by the receptors and allow their 
intracellular domains to self- associate only after TNF binding. 

The intracellular domain of Fas/APO 1, which bears marked 
structural similarity to that of the p55-R and that likewise 
signals for cell death, was found also to self- associate and thus 
trigger signaling, suggesting that this receptor, too, plays an 
active role in its aggregation and is subject to control mecha- 
nisms that antagonize its propensity to self-associate. This may 
well be the case also for a number of other receptors, for 
example several tyrosine-kinase receptors, including Neu/ 
HER-2 and the epidermal growth factor receptor, that are 
found, just like the p55-R, to signal spontaneously when ex- 
pressed at high levels as well as after deletion of their extra- 
cellular domain (see, e.g., Refs. 25—27, and references therein). 

Interestingly, the p75 TNF receptor, even though it has, like 
p55-R and Fas/APO, the ability to signal for cell death (28), 
does not display self-association, nor does a high level of ex- 
pression of this receptor result in spontaneous signaling (29). 
Apparently, the mode of signaling for cell death by this receptor 
differs from that of the p55-R (29). 

Most likely, the self-associations of p55-R and Fas/APO 1 
serve to fortify the aggregated state imposed on them by their 
Hgands. Such a mechanism has certain functional advantages. 
It may augment signaling and also provide ways for modula- 
tion of signaling by mechanisms that act within the cell. An 
intriguing possibility for such modulation is indicated by the 
slight association between p55-IC and Fas-IC, which may allow 
cross-talk between the two cell death-inducing receptors (7). 

The propensity of these receptors to self-associate may per- 
mit also a kind of derangement of regulation that would not be 
expected if their aggregation occurred in a passive manner. It 
can lead to spontaneous signaling, independent of the ligand, in 
situations in which the mechanisms restricting the self-associ- 
ation of the receptors fail to function properly. Such ligand- 
independent function is, in the case of growth factor receptors, 
a well known cause for the uncontrolled growth of malignant 
cells. In receptors that signal for cytotoxicity, it may contribute 
to uncalled-for death of cells, as observed, for example, in 
response to cytopathic viruses and various other pathogens. 



2 J. Naismith and S. Sprang, personal communication. 
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